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FLOW CYTOMETERAPPARATUS FOR 
THREE DIMIENSIONAL DIFRACTION 
IMAGING AND RELATED METHODS 

RELATED APPLICATIONS 

This application is a 35 U.S.C. S371 national phase appli 
cation of PCT Application PCT/US 2009/003508, filed Jun. 
11, 2009, and published on Dec. 17, 2009, as International 
Publication No. WO 2009/151610 A2, and which claims the 
benefit under 35 U.S.C. S 119(e) of U.S. Provisional Patent 
Application Ser. No. 61/060,993, filed Jun. 12, 2008, the 
disclosure of each of which is incorporated herein by refer 
ence in its entirety. 

FIELD OF THE INVENTION 

The present invention relates to flow cytometers, and in 
particular to flow cytometers for detection of three dimen 
sional morphology parameters and imaging. 

BACKGROUND 

Flow cytometers are used in life Science research for quan 
titative assays of large populations of biological cells and 
particles. A beam of light (typically of a single wavelength) is 
directed onto a hydrodynamically focused stream of fluid. 
The fluid stream typically includes a fluid carrier or “sheath’ 
and a core fluid including a plurality of particles. The fluid 
stream generally permits one particle to pass through the light 
beam at a time. A number of detectors can be aimed at the 
point where the stream passes through the light beam. For 
example, a detector can be positioned in line with the light 
beam to detect forward Scatter and one or more detectors can 
be positioned perpendicular to the light beam to detect side 
scatter. The particles can contain fluorescent components, 
and one or more fluorescent detectors can be used to detect a 
resulting fluorescence signal. Each Suspended particle pass 
ing through the light beam scatters the light in some way 
and/or a fluorescent component on the particle may fluoresce 
light, e.g., at a lower frequency than the light source. Scat 
tered and fluorescent light can be detected and analyzed. 

The signals detected from a flow cytometer can be used to 
characterize the physical and/or chemical structure of the 
particles. For example, the forward scattered light can be 
correlated with a cell volume, and the side scattered light may 
be correlated with the shape or other inner features of the 
particle. The scattered and/or fluorescence signals are 
acquired by detectors that allow fast signal acquisition (e.g., 
thousands of cells per second) and rapid data analysis for a 
large cell population. For example, the cells can be classified 
in a multi-dimensional feature space defined by various fluo 
rescence signals, forward Scatter signals, and/or side scatter 
signals. 
More recently, imaging flow cytometers are available in 

which a CCD camera is used to record bright-field, dark field, 
and fluorescent images. These imaging flow cytometers use 
microscope techniques to acquire two dimensional images 
from each interrogated cell for analysis of features at a rate of 
up to about 100 cells per second. However, these techniques 
rely on conventional fluorescence or bright-field microscopy 
in which the resulting images are non-diffractional and inher 
ently two dimensional replicas of the three dimensional cell 
structure (with the third dimension being compressed into a 
“focal depth”). Although these two dimensional images can 
be analyzed with pattern recognition algorithms, automated 
analysis with existing pattern recognition algorithms is com 
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2 
plex, labor intensive, and challenging at least because of the 
two dimensional nature of the image. 

Confocal imaging techniques have been used in non-flow 
applications to acquire multiple two dimensional non-diffrac 
tion images of very short focal depth and stack them along the 
third dimension to provide a three dimensional construction. 
However, this technique typically requires multiple images 
and, therefore, these confocal imaging techniques are gener 
ally not compatible with an imaging flow cytometer in which 
the particles are moving relatively rapidly. 

In addition, the high flow speeds and poor signal to noise 
ratios in conventional flow cytometers may limit the amount 
of information that can be extracted from the scattering and/or 
fluorescence signals. 

SUMMARY OF EMBODIMENTS OF THE 
INVENTION 

According to embodiments of the present invention, a flow 
cytometer assembly includes a fluid controller configured to 
form a hydrodynamically focused flow stream including an 
outer sheath fluid and an inner core fluid. A coherent light 
Source is configured to illuminate a particle in the inner core 
fluid. A detector is configured to detect a spatially coherent 
distribution of elastically scattered light from the particle 
excited by the coherent light source. An analyzing module 
configured to extract a three-dimensional morphology 
parameter of the particle from a spatially coherent distribu 
tion of the elastically scattered light. 

According to some embodiments of the invention, the 
detector is further configured to provide diffraction image 
data of the particle comprising the spatially coherent distri 
bution of the elastically scattered light. 

In particular embodiments, a non-coherent light source is 
configured to illuminate the particle and a detector is config 
ured to detect non-coherent image data comprising bright 
field and/or dark-field and/or fluorescence signals from the 
particle excited by the non-coherent light Source. The analyZ 
ing module can be configured to combine the diffraction 
image data and the non-coherent image data for a particle in 
the core fluid. 

In some embodiments, the analyzing module is configured 
to classify the particles based on the coherence distribution of 
the elastically scattered light. The analyzing module can be 
configured to extract a Volume of a structure of the particle 
based on the diffraction image data, Such as a volume of the 
cytoplasm and/or nucleus and/or mitochondrion in a biologi 
cal cell. 

In some embodiments, the fluid controller is configured to 
formalaminar flow stream. The fluid controller can include a 
flow cell having an index of refraction that is substantially 
similar to an index of refraction of the fluid sheath. The flow 
cell can have at least one generally planar side. 

In some embodiments, the detector is configured to detect 
light scattered within an angle range centered at an angle 
offset from a direction of light propagation from the coherent 
light Source. Such as at about 90 degrees. 

In some embodiments, the three-dimensional morphology 
parameters are extracted based on a database of calculated 
diffraction image data and/or experimentally determined cell 
Structures. 

According to further embodiments of the present inven 
tion, methods of analyzing particles in a flow cytometer to 
determine three-dimensional morphology parameters 
include forming a hydrodynamically focused flow stream 
including an outer sheath fluid and an inner core fluid. A 
particle in the inner core fluid is illuminated with a coherent 
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light source. Elastically scattered light is detected from the 
particle that is excited by the coherent light source. A three 
dimensional morphology parameter of the particle is 
extracted from a spatially coherent distribution of the elasti 
cally scattered light. 

According to further embodiments of the present inven 
tion, computer program products for analyzing particles in a 
flow cytometer to determine three-dimensional morphology 
parameters are provided. The flow cytometer has a hydrody 
namically focused flow stream including an outer sheath fluid 
and an inner core fluid, a coherent light source configured to 
illuminate a particle, and a detector for detecting a coherent 
distribution of elastically scattered light from the particle 
excited by the coherent light Source. The computer program 
product includes a computer usable storage medium having 
computer-readable program code embodied in the medium. 
The computer-readable program code is configured to receive 
diffraction image data comprising a spatially coherent distri 
bution of elastically scattered light from the flow cytometer. 
Computer-readable program code is configured to extract 
three-dimensional morphology parameters of the particle 
from the spatially coherent distribution of the elastically scat 
tered light. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in 
and constitute a part of the specification, illustrate embodi 
ments of the invention and, together with the description, 
serve to explain principles of the invention. 

FIG. 1 is a schematic diagram of a cytometer assembly 
according to embodiments of the present invention. 

FIG. 2 is a schematic diagram of a cytometer assembly 
according to other embodiments of the present invention. 

FIG. 3 is a block diagram of a cytometer assembly includ 
ing diffraction and non-diffraction imaging modules and fea 
ture extraction/classification modules according to embodi 
ments of the present invention. 

FIG. 4A is a schematic diagram of a cytometer assembly 
according to additional embodiments of the present inven 
tion. 

FIG. 4B is a schematic diagram of a cytometer assembly 
according to additional embodiments of the present inven 
tion. 

FIG. 5 is a schematic diagram of a cytometer assembly 
according to embodiments of the present invention. 

FIG. 6a is a digital image of a fluid control unit according 
to embodiments of the present invention. 

FIG. 6b is a schematic diagram of a cytometer assembly 
according to embodiments of the present invention. 

FIG. 6c is a digital image of a cytometer assembly accord 
ing to embodiments of the present invention. 

FIG. 6d is a schematic diagram of the cytometer assembly 
of FIG. 6c. 

FIG. 7 is a schematic diagram of the incident field and 
scatteringfield for a particle according to embodiments of the 
present invention. 

FIG. 8a is a diffraction image from a 25 um microsphere 
flown in the core fluid excited by a 633 m laser. 

FIG. 8b is a Mie theory-calculated diffraction image with 
horizontal axis as 0 and vertical as cp between 70° and 110° 
and no adjustable parameters. 

FIG. 9 is a schematic representation of the incident and 
scattered wavefronts by a biological cell withinhomogeneous 
distribution of refraction index, where nu=nucleus, 
m mitochondria, g Golgi apparatus, w wavelength, and 
2a-size. 
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4 
FIG.10 is a table including the three dimensional structural 

parameters of seven NALM-6 cells. 
FIG. 11 is a graph of 9 NALM-6 cells distributed in the 2D 

feature subspaces defined by the light scatter of element S11 
at 0, 0° versus its integrated value in different angular range 
of 0 as side scatters. 

FIG. 12 is a schematic diagram of a cytometer assembly 
according to some embodiments of the present invention. 

FIGS. 13 A-13C are bright-field digital images acquired 
with the objective positioned at x=0 of a sphere of d=9.6 um 
(FIG.13A), a sphere ofd=25um (FIG. 13B) and a B16/GPR4 
cell with Bar-20 um (FIG. 13C). 

FIG. 14 illustrates digital diffraction images and one 
bright-field image acquired with non-coherent white light 
(third row, first column) of a polystyrene sphere of 25um in 
diameter (embedded in gel). The diffraction images were 
acquired with a laser beam of w=532 nm in wavelength and 
the objective at different X positions. From left to right, first 
row: x=0 um, 100 um, 200 um; second row: x=300 um, 400 
um, 500 um; third row: x=0 um (bright field image), -100 um, 
-200 um; fourth row: x=-300 um, -400 um, -500 um. 

FIG. 15 illustrates digital diffraction images of a polysty 
rene sphere of 9.6 um in diameter in the left column and two 
melanoma cells that are embedded ingel: B16/vector (cell #1) 
in the middle column and B16/GPR4 (cell #3) in the right 
column. The first row is imaged at x=200 um, and the second 
row is imaged at X-200 um. 

FIG. 16 illustrates digital projection images calculated 
from angle-resolved scattered light distribution by the Mie 
theory with 0–24 for images in the left column and 0=16° 
in the middle column. The images in the right column are 
measured diffraction images of the spheres embedded in gel 
with X=200 um with a diameter of 25um in the first row and 
9.6 um in the second row. 

FIGS. 17A-17B are graphs illustrating scatter plots of side 
scatter channel (SSC) versus forward scatter channel (FSC) 
obtained from 10,000 of B16/GPR4 cells (FIG. 17A) and 
B16/vector (FIG. 17B), respectively. 

FIG. 18 is an image of two cross-sectional views of the 
three-dimensional structure of a B16/GPR4 cell. 

FIG. 19 illustrates digital images of 9.6 um diameter 
spheres in 532 nm light with a flow speed of between about 
1.6 mm/s and 1.8 mm/s and an exposure rate of 50 us. 

FIG. 20 illustrates digital images of 9.6 um diameter 
spheres in 532 nm light with a flow speed of about 12 mm/s. 

FIG. 21A is a digital image of a 5.2 Lum diameter spheres 
with a flow speed of between about 4.7 mm/s. 

FIG. 21B is a digital image of a 9.6 um diameter sphere 
with a flow speed of about 12 mm/s. 

FIG. 21C is a digital image of a 25um diameter sphere with 
a flow speed of about 7 mm/s. 

DETAILED DESCRIPTION OF EMBODIMENTS 
OF THE INVENTION 

The present invention now will be described hereinafter 
with reference to the accompanying drawings and examples, 
in which embodiments of the invention are shown. This 
invention may, however, be embodied in many different 
forms and should not be construed as limited to the embodi 
ments set forth herein. Rather, these embodiments are pro 
vided so that this disclosure will be thorough and complete, 
and will fully convey the scope of the invention to those 
skilled in the art. 

Like numbers refer to like elements throughout. In the 
figures, the thickness of certain lines, layers, components, 
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elements or features may be exaggerated for clarity. Broken 
lines illustrate optional features or operations unless specified 
otherwise. 
The terminology used herein is for the purpose of describ 

ing particular embodiments only and is not intended to be 
limiting of the invention. As used herein, the singular forms 
“a,” “an and “the are intended to include the plural forms as 
well, unless the context clearly indicates otherwise. It will be 
further understood that the terms “comprises” and/or “com 
prising, when used in this specification, specify the presence 
of stated features, integers, steps, operations, elements, and/ 
or components, but do not preclude the presence or addition 
of one or more other features, integers, steps, operations, 
elements, components, and/or groups thereof. As used herein, 
the term “and/or includes any and all combinations of one or 
more of the associated listed items. As used herein, phrases 
Such as “between X and Y and “between about X and Y’ 
should be interpreted to include X and Y. As used herein, 
phrases such as “between about X and Y” mean “between 
about X and about Y.” As used herein, phrases such as “from 
about X to Y’ mean “from about X to about Y. 

Unless otherwise defined, all terms (including technical 
and Scientific terms) used herein have the same meaning as 
commonly understood by one of ordinary skill in the art to 
which this invention belongs. It will be further understood 
that terms, such as those defined in commonly used dictio 
naries, should be interpreted as having a meaning that is 
consistent with their meaning in the context of the specifica 
tion and relevant art and should not be interpreted in an 
idealized or overly formal sense unless expressly so defined 
herein. Well-known functions or constructions may not be 
described in detail for brevity and/or clarity. 

It will be understood that when an element is referred to as 
being “on.” “attached to, “connected to, “coupled with, 
“contacting, etc., another element, it can be directly on, 
attached to, connected to, coupled with or contacting the 
other element or intervening elements may also be present. In 
contrast, when an element is referred to as being, for example, 
“directly on.” “directly attached to, “directly connected to, 
“directly coupled with or “directly contacting another ele 
ment, there are no intervening elements present. It will also be 
appreciated by those of skill in the art that references to a 
structure or feature that is disposed “adjacent another feature 
may have portions that overlap or underlie the adjacent fea 
ture. 

Spatially relative terms, such as “under,” “below,” “lower.” 
“over,” “upper” and the like, may be used herein for ease of 
description to describe one element or feature's relationship 
to another element(s) or feature(s) as illustrated in the figures. 
It will be understood that the spatially relative terms are 
intended to encompass different orientations of the device in 
use or operation in addition to the orientation depicted in the 
figures. For example, if the device in the figures is inverted, 
elements described as “under or “beneath other elements or 
features would then be oriented "over the other elements or 
features. Thus, the exemplary term “under can encompass 
both an orientation of “over and “under.” The device may be 
otherwise oriented (rotated 90 degrees or at other orienta 
tions) and the spatially relative descriptors used herein inter 
preted accordingly. Similarly, the terms “upwardly.” “down 
wardly.” “vertical.” “horizontal and the like are used herein 
for the purpose of explanation only unless specifically indi 
cated otherwise. 

It will be understood that, although the terms “first.” “sec 
ond' etc. may be used herein to describe various elements, 
these elements should not be limited by these terms. These 
terms are only used to distinguish one element from another. 
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6 
Thus, a “first element discussed below could also be termed 
a “second element without departing from the teachings of 
the present invention. The sequence of operations (or steps) is 
not limited to the order presented in the claims or figures 
unless specifically indicated otherwise. 
The present invention is described below with reference to 

block diagrams and/or flowchart illustrations of methods, 
apparatus (systems) and/or computer program products 
according to embodiments of the invention. It is understood 
that each block of the block diagrams and/or flowchart illus 
trations, and combinations of blocks in the block diagrams 
and/or flowchart illustrations, can be implemented by com 
puter program instructions. These computer program instruc 
tions may be provided to a processor of a general purpose 
computer, special purpose computer, and/or other program 
mable data processing apparatus to produce a machine. Such 
that the instructions, which execute via the processor of the 
computer and/or other programmable data processing appa 
ratus, create means for implementing the functions/acts 
specified in the block diagrams and/or flowchart block or 
blocks. 

These computer program instructions may also be stored in 
a computer-readable memory that can direct a computer or 
other programmable data processing apparatus to function in 
a particular manner, Such that the instructions stored in the 
computer-readable memory produce an article of manufac 
ture including instructions which implement the function/act 
specified in the block diagrams and/or flowchart block or 
blocks. 
The computer program instructions may also be loaded 

onto a computer or other programmable data processing 
apparatus to cause a series of operational steps to be per 
formed on the computer or other programmable apparatus to 
produce a computer-implemented process such that the 
instructions which execute on the computer or other program 
mable apparatus provide steps for implementing the func 
tions/acts specified in the block diagrams and/or flowchart 
block or blocks. 

Accordingly, the present invention may be embodied in 
hardware and/or in Software (including firmware, resident 
software, micro-code, etc.). Furthermore, embodiments of 
the present invention may take the form of a computer pro 
gram product on a computer-usable or computer-readable 
storage medium having computer-usable or computer-read 
able program code embodied in the medium for use by or in 
connection with an instruction execution system. In the con 
text of this document, a computer-usable or computer-read 
able medium may be any medium that can contain, Store, 
communicate, propagate, or transport the program for use by 
or in connection with the instruction execution system, appa 
ratus, or device. 
The computer-usable or computer-readable medium may 

be, for example but not limited to, an electronic, magnetic, 
optical, electromagnetic, infrared, or semiconductor system, 
apparatus, device, or propagation medium. More specific 
examples (a non-exhaustive list) of the computer-readable 
medium would include the following: an electrical connec 
tion having one or more wires, a portable computer diskette, 
a random access memory (RAM), a read-only memory 
(ROM), an erasable programmable read-only memory 
(EPROM or Flash memory), an optical fiber, and a portable 
compact disc read-only memory (CD-ROM). Note that the 
computer-usable or computer-readable medium could even 
be paper or another Suitable medium upon which the program 
is printed, as the program can be electronically captured, via, 
for instance, optical scanning of the paper or other medium, 
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then compiled, interpreted, or otherwise processed in a Suit 
able manner, if necessary, and then stored in a computer 
memory. 

“Imaging data' is a spatial distribution of signals, e.g., 
recorded by an imaging detector. Accordingly, optical images 
are spatial distributions of electromagnetic fields comprising 
the optical waves of light and can be generally divided into 
two categories: 1) a “diffraction' image that is based on the 
spatially coherent distribution of light signals, and 2) a “non 
diffraction' image that is based on the non-coherent distribu 
tion of light signals. The feature that separate these two types 
of imaging data lie in the existence of the coherence among 
the electromagnetic fields at different spatial locations. Dif 
fraction images are acquired from light signals that are domi 
nated by highly coherent fields at different locations while 
non-diffraction images are acquired from light signals that are 
dominated by fields of little coherence at different locations. 
Conventional optical microscopy, for example, is a widely 
used tool to acquire non-diffraction (or diffraction limited) 
images of either bright-field of elastically scattered light or of 
fluorescence light signals from particles excited with a non 
coherent light Source; however, the images are non-diffrac 
tional and inherently two-dimensional replica of the three 
dimensional cell structures in real space with the 3" 
dimension compressed into a “focal depth. In comparison, 
diffraction images can be acquired from a particle illuminated 
or excited with a coherent light source Such as a laser and used 
to extract three-dimensional morphology parameters about 
the particle. One example of a diffraction image is a hologram 
which is made by the recording of the interference between 
the elastically scattered light from an object illuminated with 
a laser beam and a reference beam split off the laser beam. The 
hologram can be illuminated by the same laser beam for 
viewing its three-dimensional structures. However, advances 
in image processing technology allow diffraction imaging 
and three-dimensional feature extraction without necessarily 
requiring use of the reference beam. 

Embodiments according to the present invention will now 
be discussed with reference to FIGS. 1-21C. 
As illustrated in FIG. 1, a microfluidic flow cytometer 

assembly 10 includes a fluid control unit 100, a coherence 
distribution detector 130 and a coherence distribution imag 
ing analyzer 140. The fluid control unit 100 includes a core 
fluid inlet 102, a sheath fluid inlet 104 that provides a core 
fluid and a sheath fluid, respectively, to a flow path 106 in a 
microfluidic flow cell 108. The flow cell 108 outputs the core 
fluid and sheath fluid via a disposal outlet 110. The fluid 
control unit 100 is configured to form a hydro-dynamically 
focused flow stream having a core fluid and sheath fluid 
through the flow path 106 of the flow cell 108. A controller 
controls the flow of the core fluid and sheath fluid into the 
inlets 102,104, respectively. Particles in the core fluid of the 
hydrodynamically focused flow path 106 pass through the 
flow cell 108 substantially one at a time. The core fluid 
includes particles of interest, such as biological cells (includ 
ing human cells and phytoplankton cells) and other micro 
scopic particles. 
The output of a coherent light source. Such as a laser beam 

120, is configured to illuminate a particle in the inner core 
fluid of the flow cell 108. An imaging detector or coherence 
distribution detector 130 is configured to detect a spatially 
coherent distribution of elasticity scattered light from the 
particle. An analyzer 140 is configured to extract three-di 
mensional morphology parameters of the particle from the 
spatially coherent distribution of the elastically scattered 
light. 
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8 
In this configuration, when a particle in the inner core fluid 

of the flow cell 108 is illuminated, it scatters light in various 
directions. A complex spatial pattern of the elastically scat 
tered light can be formed that is dependent on the particle's 
size, shape, intra-particle distribution of refraction index, 
and/or morphology. According to embodiments of the present 
invention, the spatial distribution of the elastically scattered 
light or the diffraction image data can be acquired, for 
example, by the detector 130, at an appropriate angular range 
to determine various three dimensional morphological 
parameters of the particle. For example, the analyzer 140 can 
use the diffraction image data to extract the Volume(s) and 
refractive index (indices) associated with the structure of the 
particle, such as a volume and refractive index of the cyto 
plasm and/or nucleus and/or mitochondrion in a biological 
cell. 

In particular embodiments, the fluid control unit 100 can be 
a laminar flow controller configured to provide laminar flow 
at relatively low velocities of 10 mm/s or less, which can 
allow image acquisition with an exposure time of up to 50 us 
with relatively small amounts of displacement (Such as less 
than 0.5um) of the particle in the inner core fluid of the flow 
cell 108. In this configuration, the fluid control unit 100 can 
provide increased signal to noise ratios for enhanced imaging 
capabilities, including, e.g., diffraction imaging. 

In some embodiments, the microfluidic flow cell 108 can 
beformed of the material having an index of refraction that is 
substantially similar to an index of refraction of the sheath 
fluid in the flow cell 108, such as silicone or other polymer 
materials. In this configuration, the noise background can be 
reduced by generally matching the index of refraction of a 
portion of the flow cell 108 through which the laser 120 is 
impinged and the fluid flowing inside the flow cell 108. In 
addition, the flow cell 108 can have at least one planar side, 
for example, as shown in FIG. 6, such that light from the laser 
120 travels substantially perpendicular to the planar side of 
the flow cell 108 to further reduce noise background due to 
scattering at the entrance surface of the flow cell 108 and 
increase the signal to noise ratio. 

In some embodiments of the current invention as illustrated 
in FIGS. 2-3, a microfluidic flow cytometer assembly 200 is 
provided. The assembly 200 includes a non-coherent light 
source 202, a laser light source 204, a flow cellor microfluidic 
device 206 (having a cell or other particle flowing there 
through) and a beam splitter 208. Light from a non-coherent 
light source 202 and the laser light Source 204 is impinged on 
a particle in a microfluidic device 206. Scattered light and 
fluorescence light are separated when they pass through the 
beam splitter 208. Elastically scattered light from a particle 
due to excitation by a laser light beam from the laser light 
source 204 passes through a filter F1 and is detected by an 
image detector 220 (e.g., a charge coupled device (CCD1) 
camera) to acquire diffraction image data, and elastically 
scattered and/or fluorescent light from the same particle due 
to the non-coherent light source 202 is acquired by another 
image detector 210 (e.g., a charge coupled device (CCD2) 
camera) as bright-field or fluorescent image data depending 
on the selection of the wavelength filter F2 (shown in FIG. 2). 
As illustrated in FIG. 2, light from the non-coherent light 
source 202 can pass through two lenses L1, L2, a filter wheel 
FW and a condenser lens CL to focus a light beam from the 
non-coherent light source 202 onto a particle in the microf 
luidic device 206. Elastically scattered and/or fluorescent 
light from the particle due to excitation by the non-coherent 
light source 202 then passes through an objective lens 260 
(e.g., an infinity-corrected objective lens) and the beam split 
ter 208 and through a tube lens TL and filter F2 before being 
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detected by the non-diffraction image detector 210. Elasti 
cally scattered light from the laser light source 204 passes 
through the objective lens 260 and the beam splitter 208 
through another tube lens TL and filter F1 before being 
detected by the diffraction image detector 220. 5 

In this configuration, the detector 220 acquires diffraction 
images of light scatters near a scattering angle, e.g., of about 
90° from the direction of the laser light source 204. The 
detector 210 can also acquire non-diffraction image data due 
to excitation by the non-coherent light source 202, such as the 
non-coherent distribution of elastically scattered light signals 
for bright-field or dark-field and/or fluorescent signals (for 
example, using fluorescence staining cells with an appropri 
ate filter F2) for fluorescence imaging data. In some embodi 
ments, the diffraction images and the non-diffraction images 15 
can be acquired at Substantially the same time and/or com 
bined to provide additional information about particles in the 
microfluidic device 206. As would be understood by one of 
skill in the art, the non-diffraction imaging data can provide a 
replica image of the particle but with details that are limited 
by the diffraction effect of the residue coherence in the non 
coherent light signals of diffraction limit. In some embodi 
ments, the non-diffraction imaging data and the diffraction 
imaging data can be combined, for example, in an image 
overlay. 

For example, as illustrated in FIG. 3, the non-diffraction 
imaging data from the image detector 210 and the diffraction 
imaging data from the detector 220 can be used by a feature 
extraction module 230. Particles in the microfluidic device 
206 can be classified by imaging data analysis using a clas 
sification module 240. Various classification techniques can 
be used, for example, to estimate the volume or other char 
acteristics of features of the particles, such as biological cells. 
In particular embodiments, calculated diffraction imaging 
data 250 from particles with a known morphology can be used 
to “train various classification techniques, which can be used 
to extract three dimensional morphological features for par 
ticle classification by the classification module 240. 

In some embodiments shown in FIGS. 4A-4B, another 
laser light source 270 can be used to provide an excitation 
beam for the detector 220 to acquire diffraction images of 
elastic light scatters in the backscattering directions of near 
180°. As illustrated in FIGS. 4A-4B, the laser light source 270 
produces a laser beam through a beam expander 272, a wave 
plate 274, and an attenuator 276 before passing through the 45 
beam splitter 208 (which is rotated 90° in comparison to the 
orientation shown in FIG.2) prior to scattering light to the cell 
in the microfluidic device 206 in the backscattering direction. 

It should be understood that any suitable light source can be 
used for the coherent light sources 204, 270 and the non- 50 
coherent light source 202. In particular embodiments, the 
non-coherent light source 202 can be a Kohler illumination 
system with a 175 W xenon lamp, and the coherent light 
sources 204, 270 can be provided by the same or different 
lasers with one or multiple output wavelengths, e.g., between 55 
180 and 3000 nm. Particular wavelength examples that may 
be suitable include 444 or 532 or 633 nm. The objective lens 
260 can be an infinity-corrected objective lens (M Plan Apo 
HR 50x or 100x, Mitutoyo) with a relatively large numerical 
aperture and long working distance. By using different dis- 60 
tances between the tube lenses TL behind the objective lens 
260 and the detectors 210, 220, the diffraction and non 
diffraction images can be acquired using the same objective 
lens 260 as illustrated in FIGS. 2 and 4A-4B. For example, a 
50x objective lens may be used. This allows the collection of 65 
light scatters within a half angle or width of 48.6° in the air for 
diffraction image. If the microfluidic device 206 includes a 
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silicone side wall interface through which light from the 
sources 202, 204 passes, the half angle width may reduce to 
about 32° due to the light refraction at the air-silicone inter 
face. The detectors 210, 220 can be relatively sensitive 
EMCCD cameras (DU 885K, Andor technology) of a 1004x 
1002 pixels, which may provide a reduced exposure time. 
Although standard cooled CCD cameras (e.g., Alta U2000) 
can be used, EMCCD cameras typically have an electron 
multiplying mechanism to amplify signals before analog to 
digital conversion. This feature can allow a three to 10 fold 
increase in the signal-to-noise ratio for weak light signals on 
the order of 10 photons per pixel, thus potentially reducing 
the exposure time from values of about 50 us to about 10 us or 
less to allow higher cell speed in the flow and processing 
throughput. The EMCCD camera used also has a relatively 
high pixel readout rate at 35 MHz to achieve a frame transfer 
rate of 112 frames per second with a 4x4 pixel binning. The 
dark-current and readout noises of the EMCCD camera can 
be a relatively low, which can lead to a large dynamic range of 
the pixel count (e.g., 70 dB) and Subsequent 14-bit digitiza 
tion, which may be useful for more accurate acquisition of 
diffraction image data. Although specific exemplary angle, 
pixel numbers, frame speeds, etc. are provided above, it 
should be understood that any suitable values can be used. 

Accordingly, any suitable cytometer configuration can be 
used, e.g., to acquire diffraction image data according to 
embodiments of the present invention. For example, cytom 
eter assemblies according to embodiments of the present 
invention can be configured to facilitate the acquisition of 
diffraction images in different angular regions. In addition, a 
reliable electronic triggering and delay unit can be used for 
accurately gating the image data acquisition. For example, as 
shown in FIG. 5, a “shouldered microfluidic device can be 
used for acquiring angle-resolved diffraction imaging data 
centered at 45°. 

In some embodiments, the particles are classified by the 
classification module 204 in FIG. 3 based on the diffraction 
image data and/or the non-diffraction image data. For 
example, the particles can be classified by training classifica 
tion algorithms with a database of diffraction image data 
and/or the non-diffraction image data of particles of known 
three-dimensional morphological parameters for various fea 
tures, which for the case of biological cells can include 
nuclear Volume, nuclear shape, nuclear refractive index het 
erogeneity, nucleus-to-cytoplasm volume ratio, cell shape, 
cytoplasm-nucleus refractive index contrast, mitochondria 
density, mitochondrion-to-cytoplasm index contrast, and 
mitochondrion-to-nucleus refractive index contrast. Other 
cell features that can be determined include cell death, bind 
ing events, and the like. The training database can be con 
structed from non-flow-cytometry data by combing the three 
dimensional morphology features extracted from confocal 
microscopy imaging data and numerical modeling of elastic 
light scattering using the rigorous solution of the Maxwell 
equations. (references: (1).J. Q. Lu, P. Yang, X. H. Hu, “Simu 
lations of Light Scattering from a Biconcave Red Blood Cell 
Using the FDTD method’, Journal of Biomedical Optics, 
10(2), 024022 (2005); (2) R. S. Brock, X. H. Hu, D. A. 
Weidner, J. R. Mourant, J. Q. Lu, “Effect of Detailed Cell 
Structure on Light Scattering Distribution: FDTD study of a 
B-cell with 3D Structure Reconstructed from Confocal 
Images”, Journal of Quantitative Spectroscopy & Radiative 
Transfer, 102, 25-36 (2006)). 

In some embodiments, the morphology parameters of a 
particle can be determined using images acquired at a defo 
cused position with respect to the particle, as described, for 
example, in Example 4. 
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Although embodiments according to the present invention 
are described herein with respect to the microfluidic flow 
cytometer assembly 10 and the fluid control unit 100 as 
shown in FIG. 1, it should be understood that other fluid 
control techniques can be used. For example, fluid control 5 
units can be provided in which the fluid is controlled without 
being fully constrained by a microfluidic device. As shown in 
FIG. 12, a jet-in-fluid based fluid control unit 300 is shown. 
The fluid control unit 300 includes a core fluid reservoir 302 
for containing the core fluid 302A, a sheath fluid inlet 304, 10 
and flow path unit 305 having three fluid passages 306A, 
306B and 306C. The flow path unit 305 can be a glass cuvette 
that is filled with a fluid, such as water. 

The core fluid reservoir 302 includes a piston 302B for 
moving the core fluid 302A into the flow path unit 305 such 15 
that the core fluid 302A is combined with the sheath fluid 
from the sheath fluid inlet 304. The core fluid 302A enters a 
passage 306A, and sheath fluid enters another passage 306B 
via the inlet 304 such that the core and sheath fluids are 
combined in the passage 306B. The core fluid reservoir 302 20 
also includes a stirring unit 302C for stirring the core fluid 
302A. The flow path unit 305 includes the flow passages 
306B and 306C, which have a gap 308 therebetween. The 
flow rate of the fluid and the passages 306A and 306B can be 
configured such that the core fluid flows from the passage 25 
306A into the passage 306B to form a laminar flow and then 
flows through the gap 308 before enters passage 306C fol 
lowed by an outlet 310. The objective 260 of a camera (e.g., a 
CCD camera) can be positioned so that the objective 260 can 
be used to capture an image of a particle P in the flow path unit 30 
305 when the particle P is in the gap 308, and particles P in the 
core fluid 302A of the hydrodynamically focused flow path 
pass through the gap 308 substantially one at a time. The core 
fluid includes particles of interest, such as biological cells 
(including human cells and phytoplankton cells) and other 35 
microscopic particles as described herein. 

In this configuration, particle P can be imaged in the gap 
308 such that the particle P is substantially free from sur 
rounding materials having mismatched indexes of refraction, 
such as the solid materials that form the passages 306A, 306B 40 
and 306C. 

In some embodiments, the passage 306A can be formed of 
a stainless Steel needle, for example, having an inner diameter 
of about 200 um and an outside diameter of about 300 um to 
guide the core fluid 302A from the reservoir 302 into the 45 
passage 306B. The passage 306B can be formed of a square 
glass tube T1 having a length of about 8 mm on the interior 
side that connects to a tapered square tube T2 having an 
interior side length of about 80 um and an exterior side length 
of about 230 um. Inside the tube T2 of the passage 306B, the 50 
sheath and core fluids form a laminar flow under appropriate 
pressure differences from Syringe pumps that Supply the flu 
ids. The fluids are then collected by the passage 306C such 
that the particles carried by the laminar flow can remain inside 
the core fluid in the gap 308 having a diameter as small as 55 
about 100 um. The gap 308 can be about 5 mm. If the fluids in 
the flow path unit 305 and the passages 306A,306B and 306C 
have similar indexes of refraction (such as when the core 
fluid, the sheath fluid and the fluid in the unit 305 are all water 
or water-based), index-mismatched interfaces are reduced or 60 
eliminated within the field of view (FOV) of the objective 
260. For example, the objective 260 can be positioned at least 
about 13 mm away from the particle P to reduce or eliminate 
any index-mismatches due to the glass of the unit 305. 

It should be understood that any suitable orientation of the 65 
flow path unit 305 and objective 260 can be used. For 
example, the laminar flowing sheath/core fluid in the passage 
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306B can enter the flow path unit 305 from the top or from a 
side of the unit 305 rather than from the bottom of the unit 305 
as shown in FIG. 12. 

Therefore, an image captured through the objective 260 (as 
described with respect to FIGS. 2, 3, 4A-4B and 5) may have 
improved image quality due to the reduction in index-mis 
matched materials in the region adjacent the particle P. When 
compared to a microfluidic flow cell such as the flow cell 108, 
the gap 308 contains Substantially no optical heterogeneity 
near the particle P. One or more laser beams can be introduced 
from the plane side surfaces of the flow path unit 305 to excite 
the particle P. and the microscope objective 260 of a camera 
(e.g., a CCD camera) can be used to collect and record scat 
tered light distribution from another side of the flow path unit 
305. In some embodiments the objective 260 can be posi 
tioned with a field-of-view that is far from the cuvette side 
surfaces (e.g., about 10-15 mm from the particle P). The 
jet-in-fluid design of the passages 306B and 306C and the gap 
308 can reduce or eliminate the index-mismatched interfaces 
close to the flowing particle P while provide fluid flow control 
similar to that of a flow cyometer, e.g., to allow high through 
put assay and/or multiple excitation beams. 

Additional embodiments according to the present inven 
tion will now be discussed with respect to the following 
non-limiting examples. 

EXAMPLE 1. 

To increase the morphology information that can be 
retrieved from elastic light scatter due to excitation by a 
coherent light source, a prototype microfluidic flow cytom 
eter was constructed to test the concept of diffraction image 
acquisition with a standard cooled CCD imager (Alta 
U2000). The prototype is shown in FIGS. 6a-6d. A prelimi 
nary study of diffraction images with polystyrene micro 
spheres has been performed. The prototype can have the 
specifications as set forth in Table 1. 

TABLE 1 

The expected specifications of the proposed 
dual-image microfluidic flow cytometer 

Adjustable flow speed 0.01-0.50 ms 
Adjustable core fluid diameter 20-150 m 
Half-width of angular region for diffraction image 32 
Center of angular region for diffraction image 5,450-135°, 180° 
Lateral resolution of the non-diffraction image 0.4 m 
Field of view of non-diffraction image 320 m x 240 m 
CCD Camera exposure time 10-10,000 is 
Image frame transfer rate (251 x 250 pixels 112 framesis 
per image frame) 
SNR of CCD image -3OOO 

*Assuming and infinity-corrected objectives lens of 50x, working distance = 5.2 mm, NA= 
0.75 at . = 633 mm. 
SNR = signal-to-noise ratio of EMCCD camera: signal = well depth, noise = dark current 
noise + readout noise, 

As illustrated in FIG. 6a, two glass syringes with precisely 
and independently controlled moving pistons form a flow 
control unit using gears and stepping motors. The Syringes 
function as the reservoirs of sheath and core fluids to generate 
a laminar flow in a silicone microfluidic device by applying an 
appropriate pressure by the moving pistons. Silicone polymer 
ofa refractive index 1.41 at 633 nm is hardened in a mold with 
long glass fibers to make microfluidic devices with a smooth 
walled microchannel with diameter variable between 20 and 
200 um. The microchannel is connected to the flow control 
unit with a standard flow cytometer nozzle to allow a stable 
laminar flow with a length of about 80 mm. Several microf 
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luidic device designs have been tested to establish laminar 
flows with different core fluid diameter and flow speed. Com 
pared to the conventional flow cytometer, the silicone poly 
merbased microfluidic device has several features: very long 
distance of laminar flow (80 mm vs 10 mm), low core flow 5 
speed (0.01 m/s to 1 m/s vs 10 m/s) and nearly matched 
refractive indices between the sheath fluid and surrounding 
medium (0.02 or less between glycerol/water mixer of sheath 
fluid and silicone vs 0.2 between water and glass). The last 
two features may result in the achievement of relatively slow 
exposure times of up to 50 us with a standard cooled CCD 
camera on the slow-moving particle (which moves 0.2 Lum at 
a speed of 0.01 m/s) and/or reducing the noise background 
due to the scattered light at the flow-silicone interface. 

To evaluate the microfluidic flow cytometer, an imaging 
system was designed to acquire diffraction images of micro 
spheres of 25 um diameter interrogated by a 633 nm laser 
beam. An infinity-corrected objective lens (Plan Apo 50x. 
Mitutoyo) was used to acquire diffraction images by a cooled 
CCD camera. A Kohler illumination with a xenon arc lamp 
provides a non-coherent light source (NCLS) for acquisition 
of bright-field images for system alignment. The diffraction 
images of light scatters were acquired with the NCLS 
blocked. With the objective of a 13 mm working distance and 
0.55 numerical aperture (NA), the acquired scatter image 
corresponds to the angular ranges of scatter of 0 and (p (see 
FIG. 7 for definitions) between 70° and 110° from the inci 
dent direction of laser beam. The Mie theory of light scatter 
ing by spheres was used to obtain the calculated diffraction 
image in FIG. 8b with the refractive indices of polystyrene 
and water (as the host medium) at 633 nm for comparison to 
the measured one shown in FIG. 8a. The field-of-view of the 
calculated image was determined from the angular range 
defined by the objectives lens's numerical aperture (NA) and 
working distance. It can be noted that the measured and 
calculated images agree well on the characteristic oscillatory 
pattern of light intensity. Improvement of the imaging optics 
may further reduce the background noise. 
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Coherent scattering of a monochromatic light beam occurs 
as a dominant form of interaction when the refractive index in 
becomes heterogeneous, n(r), where r is the position vector 
inside a particle and is the wavelength for both incident and 
scattered light, shown schematically in FIG. 9. The scattered 
fields lead to the spatially coherent and characteristic scatter 
distributions which can be acquired as diffraction (spatial) or 
speckle (spatial and temporal) images. With accurate wave 
models based on the solution of the Maxwell equations or 50 
wave model trained pattern recognition software, it is pos 
sible to extract intra-particle refractive index distribution and 
thus three-dimensional morphology information of the scat 
terer or cells from the elastic light scatter distribution or 
diffraction image data. The intra-particle index distribution of 55 
n(r.2) correlates with cells morphology. (Ref: R. Baer, 
"Phase contrast and interference microscopy in cytology, in 
Physical Techniques in Biological Research, edited by A. W. 
Pollister (Academic Press, New York, 1966), Vol. 3, pp. Ch. 
1.) Most of biological cells have size parameters C. (=27ta/2) 60 
ranging between 1 and 100 for UV/visible and near-infrared 
light with 2a as the mean diameter (see FIG. 9). Accurate 
modeling of light scattering requires numerical calculation of 
the scattered electromagnetic fields using realistic three-di 
mensional cell structures that can be acquired with, for 65 
example, the confocal imaging technique. Recent progress in 
numerical modeling has led to new tools to study the corre 
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lation between cell morphology and angle-resolved light 
scatter distribution or diffraction image. These include the 
development of parallel codes based on the finite-difference 
time-domain (FDTD) and discrete dipole approximation 
(DDA) algorithms on low-cost parallel computing clusters. 
(Ref: J. Q. Lu, P. Yang, X. H Hu, “Simulations of Light 
Scattering from a Biconcave Red Blood Cell Using the FDTD 
method.” J. Biomed. Opt., 10,024022 (2005); R. S. Brock, X. 
H. Hu, P. Yang, J. Q. Lu, “Evaluation of a parallel FDTD code 
and application to modeling of light scattering by deformed 
red blood cells,” Opt. Express, 13, 5279-5292 (2005); M.A. 
Yurkin, K. A. Semyanov, P. A. Tarasov, A.V. Chernyshev, A. 
G. Hoekstra, V. P. Maltsev, “Experimental and theoretical 
study of light scattering by individual mature red blood cells 
by use of Scanning flow cytometry and a discrete dipole 
approximation. Appl Opt, 44,5249-56 (2005); M.A. Yurkin, 
A. G. Hoekstra, R. S. Brock, J. Q. Lu, “Systematic compari 
son of the discrete dipole approximation and the finite differ 
ence time domain method for large dielectric scatterers. Opt. 
Express, 15, 17902-17911 (2007)). In addition, methods to 
construct three dimensional structure of cells based on their 
confocal images for FDTD or DDA simulations have been 
developed. (Ref: R. S. Brock, X. H Hu, D. A. Weidner, J. R. 
Mourant, J. Q. Lu, “Effect of Detailed Cell Structure on Light 
Scattering Distribution: FDTD study of a B-cell with 3D 
Structure Constructed from Confocal Images. J. Quant. 
Spectrosc. Radiat. Transfer, 102, 25-36 (2006); H. R. Hur 
witz, J. Hozier, T. LeBien, J. Minowada, K. Gajl-Peczalska, I. 
Kubonishi, I. Kersey, “Characterization of a leukemic cell 
line of the pre-B phenotype.” Int. J. Cancer, 23, 174-180 
(1979).) 
A parallel FDTD code to simulate the spatially coherent 

distribution of elastic light scattering by B-lymphocyte cell 
line NALM-6 cells has been developed that can used, com 
bined with the three dimensional morphology of these cells, 
to construct a database to train the Software classification 
module. The three dimensional structures of stained 
NALM-6 cells were constructed from their confocal images 
with a nuclear dye (Syto 61, Invitrogen). FIG. 10 is a table 
including the three dimensional structural parameters of 
seven NALM-6 cells. By importing the three dimensional 
structures into the FDTD code, various Mueller matrix ele 
ments were obtained, of which the element S represents the 
scattered light intensity normalized by the unpolarized inci 
dent beam intensity. The following were assumed in the simu 
lations: (1) both the nucleus and the cytoplasm regions are 
homogeneous; (2) the incident wavelength 1 um in 
vacuum; (3) the cytoplasm has a complex refractive index of 
n=1.3675+i1.0x10 while nuclearindex is either n=1.42 or 
1.46 (Ref: J. R. Mourant, M. Canpolat, C. Brocker, O. 
Esponda-Ramos, T. M. Johnson, A. Matanock, K. Stetter, J. P. 
Freyer, “Light scattering from cells: the contribution of the 
nucleus and the effects of proliferative status. J Biomed Opt, 
5, 131-7 (2000)); (4) each cell is suspended in a host medium 
with a refractive index of n=1.35. The FDTD grid cell size 
was set at Ax=W/20 with – ?in. To study the dependence of 
light scatter on cell orientation, 12 sets of orientation angles 
of the cell (0, (pC) were selected, covering the 4t solid angle 
uniformly. 

FIG. 11 presents three plots of 9 NALM-6 cells distributed 
in the two dimensional feature subspaces defined by the light 
scatter of element S at the scattering polar angle 0-0 
versus its integrated value in different angular range of 0 as 
side scatters. These are based on the seven cells shown in FIG. 
10 with 2 additional cells obtained by assigning high nuclear 
index for the #9 and #10 cell. The dots representing the same 
cell are for different orientations. It can be first observed that 
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the dots of the same cell with different orientations tend to 
cluster together. This demonstrates that the light scatter dis 
tribution is insensitive to the cell orientation. The forward 
scatter intensity does not exhibit a simple linear relation as 
often expected by the conventional view. Furthermore, as 
shown in the first two plots of FIG. 10, the cluster of cells in 
their dividing stages with splitting nuclei (cells #10 and #9) 
are separated from the cluster of the cells with regular shaped 
nucleus (cells #1, 3, 7, 2, and 8) and the cluster with higher 
nuclear index of refraction. These results show that detailed 
analysis of angle-resolved scatter distribution or diffraction 
image data can provide rich information on cell morphology 
and index distribution, and an accurate modeling tool can 
produce a training database for development of a robust pat 
tern recognition Software for extracting 3D morphology fea 
tures rapidly. 

EXAMPLE 3 

Forty cultured NALM-6 cells in different cell cycles are 
selected as a cell model to establish a training database for cell 
classification. The cells are stained and imaged with a confo 
cal microscope (LSM 510, Zeiss). The three dimensional 
structures will be constructed for two purposes. First, these 
structures will be imported into our FDTD code for simula 
tions of angle-resolved elastic light scatter from the cell 
excited by a coherent light beam. Second, these structures 
will be analyzed to define multiple classes of morphology 
features as the basis for development of the pattern recogni 
tion Software for cell classification. Light scattering by a 
single biological cell can be modeled as a plane wave incident 
on a dielectric scatterer in a host medium. To account for the 
polarization change associated with scattered light, a frame 
work of Stokes vectors is adopted for the incident and scat 
tered light fields and a Mueller matrix for the cell. 

The incident light is represented by its electromagnetic 
fields of (Eo Ho) with E representing the electric field and H 
the magnetic field with a wave vector ko while the scattered 
light by (E. H.) with k (k=|kl=2L/2), as shown in FIG. 7. 
The host medium, Such as the laminar fluids, is characterized 
by a refractive index n and the cell by a spatially variant 
refractive index, n(r, w), corresponding to its three dimen 
sional structure. Because of the linear relation between the 
incident and scattering fields, a complex 2x2 amplitude 
matrix describes the effect of cell with the fields separated 
into components parallel and perpendicular to the scattering 
plane defined by k and k, 

(f)= I. (1) 

Since the 2x2 matrix elements are complex and related to 
field amplitudes, a real 4x4 Mueller matrix S that relates 
directly to the measurable intensity signals of light can be 
defined. The Mueller matrix is defined as 

ikrikz ( S2 
-ikr S. 

Is SI S12 S13 S14 Y lo (2) 
Qs 1 S21 S22 S23 S24 Qo 
Us = 2.2 S3 S32 S33 S34 || Uo 
Vs S41 S42 S43 S44 Vo 

where I, Q, U, V are the Stokes parameters of the incident 
light (with subscript 0) and the scattered light (with 
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Subscripts). All matrix elements are function of scatter angles 
of (0, p.) and cell orientation angles of (0, po). The element 
S yields the probability of an unpolarized incident light 
being scattered into the direction of 0 and cp while other 
elements provide information on scattered light with different 
polarization states. 

Given the incident fields (E. H) at and n(r. ), based on the 
three dimensional structure of the cell with assigned indices 
for different intracellular components, the Mueller matrix 
elements S., can be calculated using the numerical method of 
FDTD or DDA. (Ref: J. Q. Lu, P.Yang, X. HHu, “Simulations 
of Light Scattering from a Biconcave Red Blood Cell Using 
the FDTD method.” J. Biomed. Opt., 10,024022 (2005); R. S. 
Brock, X. H. Hu, P. Yang, J. Q. Lu, “Evaluation of a parallel 
FDTD code and application to modeling of light scattering by 
deformed red blood cells,” Opt. Express, 13, 5279-5292 
(2005); R. S. Brock, X. H Hu, D. A. Weidner, J. R. Mourant, 
J. Q. Lu, “Effect of Detailed Cell Structure on Light Scatter 
ing Distribution: FDTD study of a B-cell with 3D Structure 
Constructed from Confocal Images. J. Ouant. Spectrosc. 
Radiat. Transfer, 102, 25-36 (2006); H. Ding, J. Q. Lu, R. S. 
Brock, T. J. McConnell, J. F. Ojeda, K. M. Jacobs, X. H. Hu, 
Angle-resolved Mueller Matrix Study of Light Scattering by 
B-Cells at Three Wavelengths of 442, 633 and 850 nm. J. 
Biomed. Opt., 12,034032 (2007)). It has recently been shown 
that the DDA algorithm can be 10 to 100-fold faster than 
FDTD algorithm for large cells such as the NAM-6. (Ref: M. 
A. Yurkin, A. G. Hoekstra, R. S. Brock, J. Q. Lu, “Systematic 
comparison of the discrete dipole approximation and the 
finite difference time domain method for large dielectric scat 
terers.” Opt. Express, 15, 17902-17911 (2007)). The database 
for training Software classification module includes, but not 
limited to, the diffraction images of S, S2, S and Sa 
calculated from the NALM-6 cells excited by coherent laser 
beams at, e.g., three wavelengths of 444, 532 and 633 nm and 
the three dimensional structure of these cells constructed 
from their confocal images. 

Accurate calculation of diffraction images, which is S(0. 
(p) projected to the CCD sensor plane of (x, y), may be 
acquired using a realistic three dimensional structures of the 
cell as a scatterer. The three dimensional structures of cells 
can be constructed from their confocal image stacks with 
index values assigned, and the data can be imported into a 
simulation such as the FDTD or DDA software code. For 
example, a red nucleic acid dye (Syto 61, Invitrogen) is used 
to stain the cells before confocal imaging. Histogram analysis 
of the confocal image pixels separates them into three groups 
according to their red fluorescence emission intensities: those 
pixels in the host medium of PBS (after washing), pixels in 
cytoplasm and those inside the nuclear membrane. By tracing 
the boundaries between pixel groups in each confocal image, 
contours are obtained for the nuclear and cytoplasmic mem 
branes. These contours are connected through different image 
planes along the Z-axis of the confocal microscope, the three 
dimensional structures of cytoplasm and nucleus are con 
structed and different values of refractive index are assigned 
for n(r, w). The values of n(r, w) are based on fitting the 
Mueller matrix elements S, to experimental data. (Ref: A. 
Zharinov, P. Tarasov, A. Shvalov, K. Semyanov, D. R. van 
Bockstaele, V. P. Maltsev, “A study of light scattering of 
mononuclear blood cells with scanning flow cytometry.” 
JOSRT, 102, 121-128 (2006); H. Ding, J. Q. Lu, R. S. Brock, 
T.J. McConnell, J. F. Ojeda, K. M. Jacobs, X. H. Hu, Angle 
resolved Mueller Matrix Study of Light Scattering by B-Cells 
at Three Wavelengths of 442, 633 and 850 nm. J. Biomed. 
Opt., 12,034032 (2007)). 
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Recently, the Mueller matrix elements S., have been mea 
sured for both human promyelocytic leukemia NALM-6 and 
HL-60 cell Suspensions using a goniometer configuration. 
For some elements, such as S2 and S experimental data 
indicated large differences between these two cell types even 
though their 3D structures exhibit high similarity. Test results 
demonstrate that the introduction of mitochondria may 
account for the observed difference in S. To develop a robust 
pattern recognition Software, the three dimensional structure 
construction of the NAM-6 cells can be enhanced by using 
two different dyes (Syto 61 and MitoTracker Orage, Invitro 
gen or other combination) to co-stain the nucleus and mito 
chondria with different emission wavelength bands before 
imaging. This allows inclusion of both components in the 
three dimensional structures for accurate simulation of dif 
fraction images. 

While the numerical modeling tools discussed above may 
be highly accurate, the intensive computing can take 1 or 2 
hours to calculate one diffraction image from an imported cell 
structure on a 16-node computing clusters. Inverse determi 
nation of morphology structures and refractive indices from 
measured diffraction image may be a very slow process and 
not practical for analyzing large cell populations. Accord 
ingly, a pattern recognition or particle classification Software 
module trained by a database established using the techniques 
discussed above can be used to rapidly extract multiple three 
dimensional morphology features and refractive indices from 
the dual image data (7. e., non-diffraction image data and 
diffraction image data) for particle classification. The pattern 
recognition or particle classification Software can include two 
parts. The first part extracts the orientation and two dimen 
sional morphology parameters as the fiduciary marks from 
the non-diffraction image of bright-field or fluorescence and 
molecular features for stained cells excited by the non-coher 
ent light source, and the second part extracts three dimen 
sional morphology features from the particle excited by the 
coherent light source to build a classification vector with up to 
20 components forcell classification. Each morphology com 
ponent of the classification vector is related to an aspect of the 
three dimensional morphology of the flown particle, which in 
the cases of biological cells includes nuclear Volume, nuclear 
shape, nuclear index heterogeneity, nucleus-to-cytoplasm 
Volume ratio, cell shape, cytoplasm-nucleus index contrast, 
mitochondria density, mitochondrion-to- cytoplasm index 
contrast, and mitochondrion-to-nucleus index contrast. The 
fiduciary marks from the first part of the classification soft 
ware module will be used in the second part as the constraints 
to reduce the probability of misclassification. The second part 
of the classification software includes two components: (1) a 
feature extractor to extract three dimensional morphology 
feature from a diffraction image; and (2) a classifier to gen 
erate a classification vector. A feature extractor selects mul 
tiple three dimensional morphology features from diffraction 
image data for classification of a large cell population. One 
exemplary design of a feature extractor for the classification 
software discussed below is based on the Support Vector 
Machines (SVM) algorithm (Ref: I. Guyon, J. Weston, S. 
Barnhill, V. Vapnik, “Gene selection for cancer classification 
using support vector machines.” Mack Learn. , 46, 389-422 
(2002)); however, other algorithms such as neural networks 
and statistical pattern recognition can be used. SVM is a 
Supervised leaning tool that allows classification of image 
data in an image space defined by a kernel function. It can 
Solve a classification problem with an optimization process to 
identify a maximum margin hyperplane that separates the 
image data from a training database into multiple instances or 
classes. The hyperplane is based on a set of boundary training 
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instances or Support vectors. The optimization problem can 
beformulated by an objective function as the metric to mea 
Sure the progress, which also allows treatment of non-sepa 
rable data by penalizing misclassifications. Once the hyper 
plane is established with the training data, the NALM-6 cell 
image data acquired will be classified according to locations 
in the high-dimension space in relation to the hyperplane. 
SVM has been successfully used for multi-class classification 
of complex biological systems such as the classification of 
multiple tumor types based on genes. SVM often performs 
better than other methods for classification problems in an 
image space of high dimension with very few samples per 
class. 
The classification/pattern recognition Software will gener 

ate a classification vector with multiple components based on 
the three dimensional morphology and molecular features as 
discussed above. For each component, an SVM will be built 
to compute its morphology-related value. In the following, 
the procedures related to extraction of a classification vector 
component associated with the nuclear Volume are described, 
which serve as an example to illustrate the proposed SVM 
based methodology. Other components associated with three 
dimensional morphology features may be treated similarly, 
including additional morphology features not mentioned 
below. The procedures described below are designed forgen 
erating a component associated with the nuclear Volume from 
a diffraction image data of NALM-6 cells. Other cell types 
can be treated by the same approach using corresponding 
training database. 

1. Nuclear volume scaling. The output of an SVM for the 
component determined from a diffraction image is not 
nuclear volume Vn: rather, it is a classification value (CR). 
For a CR scale of 10, CR=0.1, 0.2,0.3 ..., 1.0, the range of 
Vn is divided into 10 value sections. If the minimal and 
maximal values of Vn for the cells in the training database are 
200 um and 2000 um, respectively, then cells having 
Vns200 um are classified as the instances of CR=0.1, and 
those with Vne2000 um are classified as CR=1.0 while rest 
of the cells are classified as instances of CR values equally 
partitioned between 0.1 and 1.0 according to Vn. Develop 
ment of other classification vector components is similar. 

2. Labeling training database. Each diffraction image in the 
training database is labeled with a classification vector based 
on their morphology parameters extracted from the 3D struc 
ture constructed from the confocal images. A Software tool 
can be developed to automatically label each image. The tool 
will perform statistical analysis to obtain the range value of 
each parameter from the database to determine appropriate 
instances of the component values and automatically map an 
absolute parameter value to a CR value for the component. 

3. Image vector generation in an image space. Each dif 
fraction image of light scatter S(0, p.) (256x256 pixels) 
forms an image vector of 256x256 elements in an image 
space defined by an appropriate kernel function. In the sim 
plest case, an image space can be formed by the pixel coor 
dinates, X and y as projected from the scattering angles 0 and 
(p to the CCD sensor plane, with a dimension of 65,536. In 
this image space, the image vector is located by its pixels of 
(k,z), where k=256x'+y' with (x,y) as the renormalized pixel 
coordinates between 1 and 256 and 0<Zs 1 as the normalized 

value of S. 
4. Classification algorithm. The study of SVM based algo 

rithm begins by projecting all image vectors in the image 
space with the selected kernel function for diffraction images 
in the training database of NALM-6 cells. The SVM algo 
rithm will then proceed to establish a hyperplane through a 
learning process that separates or discriminates image vectors 
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into classes with appropriate class labels as defined in Proce 
dure 2 above. After completion of the classification for the 
diffraction images from the training database, the SVM algo 
rithm will be applied to classify new image vectors according 
to its location relative to the established hyperplane in the 
image space. 

5. Generation of classification vector. Various tools can be 
used to develop an effective and efficient SVM classifier for 
each component associated with a three dimensional mor 
phology feature. The results of classification on each of the 
three dimensional morphology features will be combined 
with molecular features, available for stained cells; to gener 
ate a classification vector for each cell in the studied popula 
tion. Different kernel functions can be developed to achieve 
increased or optimized classification for each of the classifi 
cation vector component. A kernel function is used to trans 
form the diffraction images from the original CCD sensor 
plane coordinates of (x, y) to another space as the image 
space. A good kernel function can improve classification with 
an image space in which all image Vectors aggregate in sepa 
rate clusters for different classes. Possible kernel functions, 
including polynomial or Gaussian function and wavelet trans 
form, will be studied to evaluate their performance. 
The SVM based method described herein employs an one 

versus-all (OVA) scheme in combing multiple binary classi 
fiers to make a decision for classification. In the example of 
nuclear volume discussed above, 10 binary classifiers will be 
constructed in relation to the support vectors defined by the 
3D structure in the training database. For each image vector, 
its distances to all Support vectors in the image space are 
calculated so that a confidence measure (CM) of the binary 
classifier to a particular support vector can be obtained. The 
CM value ranges between -1.0 and 1.0 which correspond to 
largest and Smallest distances to the Support vector, respec 
tively, and each CM indicates if the imaging vector belongs to 
a class (CMDO) or not (CM30). The OVA scheme refers to the 
classification rule of assigning a cell to the class whose CM 
value is the largest among all the CM values. Table 2 below 
shows 3 examples of classification based on this scheme. 

TABLE 2 

The CM value table and OVA classification rule 

CR scale 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Cell O.8 OS O.3 O.4 -0.1 -0.2 -O3 O1 O2 
image 1 
Cell O.1 -0.5 O2 (0.3 -0.1 -0.2 O.3 0.7 O2 
image 2 
Cell -0.7 -0.4 -0.7 -0.4 0.4 -0.9 -0.3 0.1 0.1 
image 3 

Additionally, acquisition signals and raw results such as 
images may be represented following the Flow Cytometry 
Standard (FCS) data file format, which was adopted by the 
International Society for Analytical Cytology (ISAC), to pro 
mote cytometer data exchange and interoperability. A Soft 
ware utility for representing and displaying data based on 
XML format or other suitable formats can be used. 

Embodiments according to the present invention can 
acquire diffraction and non-diffraction imaging data of par 
ticles excited with coherent and non-coherent light Sources by 
elastic light scatters and/or fluorescence signals using microf 
luidic flow cytometry. This can allow the extraction of three 
dimensional morphological features simultaneously with the 
molecular features from the fluorescence signals from stained 
particles and thus can open the possibility of single-particle 
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analysis of large populations in a multi-dimensional feature 
space previously not available. The benefits of three dimen 
sional morphology features can be manifest through the 
example of cell death study. Cell death, defined as the irre 
versible loss of plasma membrane integrity, can occur in 
numerous ways according to different morphology and 
molecular characteristics. The three major types of cell death 
in mammalian cells are necrosis, apoptosis and autophagy. 
Apoptosis and autophagy are different forms of programmed 
death triggered by intrinsic pathways: apoptosis is character 
ized mainly by changes in nuclear morphology followed by 
blebbing of the plasma membrane and overall cell shrinkage 
while autophagy is characterized by a massive accumulation 
of two-membrane vacuoles in the cytoplasm followed by 
fusing with lysosomes. In contrast, necrosis is a response to 
external and incidental stimuli by cytoplasmic Swelling and 
dilation of cytoplasmic organelles. As a high throughput 
instrument, flow cytometry techniques as described herein 
may be capable of quantitative assay of death mode and 
associated time courses in large and heterogeneous cell popu 
lations by extraction of three dimensional morphology and 
molecular parameters. 

EXAMPLE 4 

The effect of the objective location on the diffraction imag 
ing has been investigated using the system of FIG. 4B. Once 
the specimen had been located, the objective 260 was first 
aligned into the focused position under white light illumina 
tion. This position was employed for later image acquisition 
as the reference position or x=0. FIGS. 13 A-13C presents 
three examples of these non-coherent images acquired under 
the white light illumination at x=0. 

After the system alignment, the laser beam was introduced 
for diffraction imaging and the imaging system was translated 
from the reference position of x=0 and diffraction images 
were taken at each stop with exposure times ranging from 50 
us to 3 s. The direction of x>0 refers to moving the objective 
towards the specimen. FIG. 14 displays a set of diffraction 

class 

images acquired at X between -500 um and +500 um from a 
sphere of 25 um in diameter. These image data exhibit two 
features. First the images acquired at X >0 present the charac 
teristic vertical fringe pattern one expects from the Mie theory 
of light scattering by single spheres. Further, and counterin 
tuitively, the images acquired at increasing X values exhibit 
expanded fringes in the FOV of the camera. Second the 
images acquired at x<0 contain fringe patterns that are largely 
independent of the specimen’s structure as the objective is 
moved away from the specimen. 

In addition to the sphere of 25um in diameter, imaging of 
polystyrene spheres of 9.6 um in diameter and 4 melanoma 
cells using the same sequence of translating the objective at 
different X positions was carried out. The dependence of the 
diffraction images exhibit similar features as discussed above 
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on the two sides of x=0. After analysis of the sphere image 
data, it was determined that the diffraction images acquired at 
x=200 um correlate strongly with the particle morphology 
and examples of these images are presented in FIG. 15 
together with those acquired at x=-200 um as comparison. 

To understand these diffraction image data, the angle-re 
solved scattered light distribution based on the Mie theory 
(see C. F. Bohren and D. R. Huffman, Absorption and Scat 
tering of Light by Small Particles, p. 447 (Wiley, New York 
1983)) was calculated and projected the results on ay-Z plane 
as calculated diffraction images without consideration of the 
objective and tube lens. The refractive indices of 1.59 and 
1.40 were used for the sphere and host medium of gel (com 
prising water, glycerol, and hydroxyethyl cellulose), respec 
tively, for the wavelength of w=532 nm. Different values of 
the angular distance 0 were used in the calculated diffraction 
images, which corresponds to the half-width angular distance 
of FOV along the horizontal direction or y-axis. The calcu 
lated and measured diffraction images are shown in FIG. 16 
for spheres of the two different diameters. 

In obtaining the calculated images, the microscope objec 
tive was not considered and the only variable was the angular 
distance 0, with decreasing 0 corresponding to expanded 
fringes in FOV. Comparing of the calculated images at dif 
ferent 0 with the measured images acquired at x=200 um, as 
shown in FIG.16, shows that a best fit is achieved with 0=16° 
if the number of fringes in FOV are used as the criterion. Note 
that the half cone angle 0 corresponding to the objective 
placed at the focused position (x=0) is 23° based on the 
objective's NA (-0.55) and the refractive index of the gel 
(n=1.40). The result of 0=16° for the calculated image is 
comparable to the diffraction image acquired with the objec 
tive moved towards the sphere from X=0 by 200 um, which is 
unexpected and should be due to the defocused objective. The 
fringes in the calculated images do not curl near the edges of 
FOV as those in the measured one which may be attributed to 
the effect of the objective as well. 

The morphological changes induced in the B16F10 cells 
were examined to determine if these cells can be used as a 
model for study of the correlation between diffraction images 
and 3D morphological features. It was observed that the 
expression of the G protein-coupled receptor, GPR4, in 
B16F10 cells increased the formation of dendrites and led to 
changes in morphology. Furthermore, it has been found that 
GPR4 expression increased melanin content by 4 fold by 
direct measurement of melanin concentration with a spectro 
photometer due to the increased production of melanin par 
ticles, which are markers of melanocyte differentiation. An 
assay of 10,000 cells has been performed with a conventional 
flow cytometer (FACScan, Becton Dickinson) for each of the 
two cell types and the plots of light scatter are presented in 
FIGS. 17A-17B. From these data, one can observe that the 
mean value of the foward scatters by the B16/vector cells 
(mean value=391) are slightly larger than that by the B16/ 
GPR4 cells (mean value=375) while the relation in side scat 
ters is reversed (228 vs. 414). 

To quantitatively investigate the morphological changes, 
3D reconstruction of melanoma cells has been performed 
with developed software through confocal imaging. The pix 
els in the confocal image stacks were first Sorted into three 
groups: cytoplasm, nucleus and mitochondria according to 
the intensity and wavelength of fluorescence emission. Then 
the contours of related organelles between neighbouring 
slices were connected for 3D structure and volume calcula 
tion. One example of 3D structure for a B16/GPR4 cell is 
presented in FIG. 18 in two sectional views. Five cells from 
each of the two cell types were randomly selected to acquire 
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confocal image stacks for 3D reconstruction. The extracted 
volume data are listed in Table 3 below. Further study of the 
molecular mechanisms and functional significance of GPR4 
induced morphological change and melanin production and 
differentiation in B16F10 cells are currently under investiga 
tion. 

TABLE 3 

The volume parameters of B10F10 cells In 

B16, GPR4 B16 vector 

nuclear 1103 - 307 1164. 533 
mitochondria 2O6 63 297 - 107 
celli 3586, 892 4910 - 2170 
NC 31% 24% 
Mean radius (Lm) 9.SO 1O.S 

*in the form of meant stol with 5 cells in each group. 
#equal to the volume sum of cytoplasm, nucleus and mitochondria, 
mean volume ratio of nucleus-to-cell. 

It is interesting to note that the cytoplasm Volumes of the 
two cell types appear to be different while the volumes of the 
nucleus and mitochondria between the two types are close in 
values. The fact that B16/vector cells have larger cytoplasm 
volume may be used to explain the feature revealed by the 
plots of light scatters in FIGS. 17A-17B, which can be inter 
preted as the B16/vector cells having larger cell volume and 
less intracellular heterogeneity. Furthermore, the variation in 
cytoplasm Volume, induced by the GPR4 receptor, may Sug 
gest a significant difference between the cytoskeletons of 
these cells which can have important consequences in cells 
ability for adhesion and migration. While a conventional flow 
cytometer can be used to acquire light scattering data as 
shown in FIGS. 17A-17B, one can clearly see that these data 
provide very limited quantitative information on 3D mor 
phology. In contrast, the diffraction images presented herein 
demonstrate large difference between spheres of different 
sizes and spheres and cells of similar sizes and thus can be 
used to extract3D morphological features as we discussed in 
the introduction. A study of different B16F10 cell populations 
with a diffraction imaging flow cytometer and comparison 
with FDTD numerical modelling may be conducted. 

It should be understood that the techniques described 
herein can be used with respect to particles in a fluid control 
unit, such as the fluid control unit of FIG.12. FIGS. 19, 20 and 
21A-21C are digital images of spheres taken using the fluid 
control unit of FIG. 12. In particular, FIG. 19 illustrates digi 
tal images of 9.6 um diameter spheres in 532 nm light with a 
flow speed of between about 1.6 mm/s and 1.8 mm/s and an 
exposure of 50 us. FIG. 20 illustrates digital images of 9.6 
udiameter spheres in 532 nm light with a flow speed of about 
12 mm/s and an exposure of 50 us. FIG.21A is a digital image 
of a 5.2 um diameter spheres with a flow speed of between 
about 4.7 mm/s. FIG. 21B is a digital image of a 9.6 um 
diameter sphere with a flow speed of about 12 mm/s. FIG. 
21C is a digital image of a 25um diameter sphere with a flow 
speed of about 7 mm/s. 
One potential disadvantage of the current technology 

based on integrated light signals lies in its potentially limited 
capability in extracting morphological features which carry 
rich information on cells. Experimental results are presented 
related to the diffraction imaging of single specimen embed 
ded in gel with a microscope objective. The results show that 
diffraction images acquired with an objective correlate strong 
correlation with the 3D morphology of the specimen if these 
images are taken at a defocused position towards the speci 
men. The 3D structures of tumorigenically transformed 
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B16F10 melanoma cells have been investigated, and it has 
been established that these cells can be used as a model for 
study of 3D morphology with the diffraction imaging 
method. With the flow-in-fluid techniques described herein, 
the method of diffraction imaging with a microscope objec 
tive can be implemented in a flow cytometer to acquire rap 
idly image data for extraction of 3D morphological features, 
for example, at a rate of 10° cells per second. 
The foregoing is illustrative of the present invention and is 

not to be construed as limiting thereof. Although a few exem 
plary embodiments of this invention have been described, 
those skilled in the art will readily appreciate that many 
modifications are possible in the exemplary embodiments 
without materially departing from the novel teachings and 
advantages of this invention. Accordingly, all Such modifica 
tions are intended to be included within the scope of this 
invention as defined in the claims. Therefore, it is to be under 
stood that the foregoing is illustrative of the present invention 
and is not to be construed as limited to the specific embodi 
ments disclosed, and that modifications to the disclosed 
embodiments, as well as other embodiments, are intended to 
be included within the scope of the appended claims. The 
invention is defined by the following claims, with equivalents 
of the claims to be included therein. 

That which is claimed is: 
1. A flow cytometer assembly, comprising: 
a fluid controller configured to form a hydrodynamically 

focused flow stream, the stream including an outer 
sheath fluid and an inner core fluid; 

a coherent light source configured to illuminate a particle 
in the inner core fluid; 

a detector configured to detect a spatially coherent distri 
bution of elastically scattered light from the particle 
excited by the coherent light Source; and 

an analyzing module configured to extract a three-dimen 
sional morphology parameter of the particle from a spa 
tially coherent distribution of the elastically scattered 
light. 

2. The cytometer assembly of claim 1, wherein the fluid 
controller comprises a first fluid passageway, a second fluid 
passageway and a fluid-filled gap between the first and second 
fluid passageway, wherein the detector is configure to detect 
the spatially coherent distribution of elastically scattered light 
from the particle excited by the coherent light source when 
the particle is in the gap between the first and second fluid 
passagewayS. 

3. The cytometer assembly of claim 1, wherein the detector 
is further configured to provide diffraction image data of the 
particle comprising the spatially coherent distribution of the 
elastically scattered light. 

4. The cytometer assembly of claim 3, further comprising 
a non-coherent light source configured to illuminate the par 
ticle and a detector configured to detect non-coherent image 
data comprising bright-field and/or dark-field and/or fluores 
cence signals from the particle excited by the non-coherent 
light source. 

5. The cytometer assembly of claim 4, wherein the analyz 
ing module is configured to combine the diffraction image 
data and the non-coherent image data. 

6. The cytometer assembly of claim3, wherein the analyz 
ing module is configured to classify the particles based on the 
coherence distribution of the elastically scattered light. 

7. The cytometer assembly of claim3, wherein the analyz 
ing module is configured to extract a morphology feature of a 
structure of the particle based on the diffraction image data. 
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8. The cytometer assembly of claim 7, wherein the diffrac 

tion image data comprises image data from a defocused posi 
tion with respect to the particle. 

9. The cytometer assembly of claim 7, wherein the struc 
ture of the particle comprises a volume and refractive index of 
the cytoplasm and/or nucleus and/or mitochondrion in a bio 
logical cell. 

10. The cytometer assembly of claim 1, wherein the fluid 
controller is configured to form a laminar flow stream. 

11. The cytometer assembly of claim 1, wherein the fluid 
controller comprises a flow cell having an index of refraction 
that is substantially similar to an index of refraction of the 
fluid sheath. 

12. The cytometer assembly of claim 11, wherein the flow 
cell has at least one generally planar side. 

13. The cytometer assembly of claim 1, wherein the detec 
toris configured to detect light scattered within an angle range 
centered at an angle offset from a direction of light propaga 
tion from the coherent light Source. 

14. The cytometer assembly of claim 13, wherein the angle 
is about 90 degrees. 

15. The cytometer assembly of claim 1, wherein the ana 
lyzing module is configured to extract the three-dimensional 
morphology parameters based on a database of calculated 
and/or experimentally determined cell images. 

16. A method of analyzing particles in a flow cytometer to 
determine three-dimensional morphology parameters, the 
method comprising: 

forming a hydrodynamically focused flow stream, the 
stream including an outer sheath fluid and an inner core 
fluid; 

illuminating a particle in the inner core fluid with a coher 
ent light Source; 

detecting elastically scattered light from the particle 
excited by the coherent light Source; and 

extracting a three-dimensional morphology parameter of 
the particle from a spatially coherent distribution of the 
elastically scattered light. 

17. The method of claim 16, whereinforming a hydrody 
namically focused flow stream comprises passing the flow 
stream through a fluid-filled gap in a fluid passageway, and 
the spatially coherent distribution of elastically scattered light 
from the particle excited by the coherent light source is 
detected when the particle is in the gap. 

18. The method of claim 16, further comprising providing 
diffraction image data of the particle comprising the spatially 
coherent distribution of the elastically scattered light result 
ing from excitation by the coherent light source. 

19. The method of claim 18, further comprising illuminat 
ing the particle with a non-coherent light source and detecting 
non-coherent image data comprising elastically scattered 
and/or fluorescence signals resulting from excitation by the 
non-coherent light Source. 

20. The method of claim 19, further comprising combining 
the diffraction image data and the non-coherent image data. 

21. The method of claim 18, further comprising classifying 
the particles based on the coherence distribution of the elas 
tically scattered light. 

22. The method of claim 18, further comprising identifying 
a volume and refractive index of a structure of the particle 
based on the diffraction image data. 

23. The method of claim 22, wherein the structure of the 
particle comprises a Volume and refractive index of the cyto 
plasm and/or nucleus and/or mitochondrion in a biological 
cell. 
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24. The method of claim 16, whereinforming a hydrody 
namically focused flow stream comprises forming a hydro 
dynamically focused laminar flow stream. 

25. The method of claim 16, further comprising providing 
a flow cell having an index of refraction that is Substantially 5 
similar to an index of refraction of the sheath fluid. 

26. The method of claim 25, wherein the flow cell has at 
least one generally planar side. 

27. The method of claim 16, wherein the detected light is 
scattered within an angular range centered at an angle offset 
from a direction of light propagation from the coherent light 
SOUC. 

28. The method of claim 27, wherein the angle is about 90 
degrees. 

29. The method of claim 16, wherein the three-dimensional 
morphology parameter is extracted based on a database of 15 
calculated and/or experimentally determined cell images. 

30. The method of claim 16, wherein the detected light is 
detected from a defocused position with respect to the par 
ticle. 

31. A computer program product for analyzing particles in 20 
a flow cytometer to determine three-dimensional morphology 
parameters, the flow cytometer having a hydrodynamically 
focused flow stream including an outer sheath fluid and an 
inner core fluid, a coherent light source configured to illumi 
nate a particle, and a detector for detecting a coherent distri- as 
bution of elastically scattered light from the particle excited 
by the coherent light Source, the computer program product 
comprising a computer usable storage medium having com 
puter-readable program code embodied in the medium, the 
computer-readable program code comprising: 

computer-readable program code that is configured to 
receive diffraction image data comprising a spatially 
coherent distribution of elastically scattered light from 
the flow cytometer; and 
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computer-readable program code that is configured to 

extract a three-dimensional morphology parameter of 
the particle from the spatially coherent distribution of 
the elastically scattered light. 

32. The computer program product of claim 31, further 
comprising computer-readable program code that is config 
ured to receive non-coherent image data from the flow cytom 
eter, the non-coherent image data comprising bright-field 
and/or dark-field image data of elastically scattered light sig 
nals and/or fluorescence image data from the particle result 
ing from excitation by the non-coherent light source. 

33. The computer program product of claim 32, further 
comprising computer-readable program code that is config 
ured to combine the diffraction image data and the non 
coherent image data for a particle in the flow cytometer. 

34. The computer program product of claim 33, further 
comprising computer-readable program code that is config 
ured to classify the particles based on the coherence distribu 
tion of the scattered light. 

35. The computer program product of claim 31, further 
comprising computer-readable program code that is config 
ured to identify a volume and refractive index of a structure of 
the particle based on the diffraction image data. 

36. The computer program product of claim 34, wherein 
the structure of the particle comprises a volume and refractive 
index of the cytoplasm and/or nucleus and/or mitochondrion 
in a biological cell. 

37. The computer program product of claim 31, wherein 
the three-dimensional morphology parameter is extracted 
based on a database of calculated and/or experimentally 
determined cell images. 
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