Abstract
Kenneth Jacobs, Development of a Diffraction Imaging Flow Cytometer for Study of Biological
Cells (Under the direction of Dr. Xinlua Hu) Department of Physics, April 2010

Visible light interacts with biological cells primarily through elastic scatteriMith coherent
excitation the scattered ligh$ coherent as well andontains much information about the cells
morphology but with the notable difficulty of interpreting the complex diffraction pattern. One
option is to develop by experimentation a lifyraof diffraction image patterns with each pattern
associated with some cell characteristic and without attempting a physical interpretatimiéie
this goalfor rapid analysis ofa large cell populatignwe have designed and built daffraction
imaging flow cytometer with the ability to efficientlpcquirehigh-contrastdiffraction imagesrom
individual flowing cells. A series of experimental and modeling studiese been carried otib
build this instrument including fabrication of square microcte® with optical surfaces, a three
fluid focusing chamber, and optical isolation of target particles. Diffraction images were acquired of
six cell lines:the Jurkat cellsthe Tramp C1 cellsthe NALM -6 cells,the U937 cells the B16F10
mouse melanoma dg] andthe MCF-7 cells. From these preliminary image sets both the potential
and the problems are apparent. Cell line images are clearly differerdiableg the differentell
lines in aggregate but the intra cell line variabiiitycertain cell linessuch as the Jurkat and NAL=M
6 cell, may be too great for discrimination. Tle&periments ofluidics and chambeconstruction
performedso far clearlyindicate thatthe intra cell line variabilitycan be reducednd therefore
demonstrate the significapbtential of the new imaging flow cytometer methodligcriminae cells

from diffraction images.
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Chapter 1 Introduction

In this chapter we will provide a brief review of flow cytometry related to the study of cell

optics followed by a desiption of dissertation organization

81.1 Historical development of flow cytometry

Study of living biological cells often requires measurements on a large population to generate
statistically significant resultdn the late 1940s automated measwratrand analysis of large
numbers of cells was first attempted with the Couttainterin which blood cells were passed
through a capillary between intercepting electrodes [Coulter 1949]. This allows cell sizing and
counting since the impedance dependscell volume. By the early 1950s the principle of
hydrodynamic focusing was applied to facilitate liquid flow and optical measurement [Crosland
Taylor 1953]. In the 1950s another approach has been investigated in which multiple cells on a
glass slide werenterrogated with a microscopic spectrophotometer at UV wavelengths and
served as a precursor to fluorescence detection of cells in liquid flow stream. Later an effort was
made to automatdiscernment between cells based on their nuclear size and indefxastion
as biomarkers for cell malignan¢8hapiro1985] Further efforts, accompanying the advent of
rapid computing, were undertaken to process cell data of large sample populations. Also at this
time fluorescencstain ofacridine orange (AO) was$t used to generate and quantify cell RNA
concentration Armstrong 1956 By the late 1960s an attempt was underway use a laser
scanning microscopy method to automatically extract cellular features, such as cell and nuclear
size and texture using patterecognition analysis of the acquired images. Vibrating mirrors

were used to scan a laser beam over the cells on a slide in the object plane of a microscope [Stein



1969]. Specifically, features extracted were cell and nuclear size, basophilia anduitherestr

based on the image texture due to the dye concentration variation. This method is also capable of
extracting image patterns related to the intracellular variation in refractive index. In these
capacities, a laser scanning cytometer often takes twot@s or more to scan and analyze one

cell [Shapiro 1971]. Another approach that proved more practical for analyzing large cell
population was the flow cytometer which capitalized on the correlation of 260nm excited
fluorescence with pulse height of fomgldight scatter signals to differentiate between leucocytes
[Melamed1990] By the early 1970s researchers in the Los Alamos National Laboratory had
applied the ink jet principle to cell sorting by charging droplets, each containing a cell, which are

steeed electrostatically into containers based on results of optical interrogation [Hulett 1969].

For the remainder of the last century, major development was witnessed toward multiply
stained cells being interrogated sequentially by several laser beanffe@ndiwavelengths for
excitation of different fluorescence signals [Curbello 1976]. Thus a combination of fluorescence
detection at different wavelengths of excitation and emission targeting different proteins inside a
cell generates multiple measuredrals. These in turn are processed by software that identifies
significant combinations of those molecular distributions related to the fluorescence signals. All
the signals are integrated over an angular range with point detectors, with a speed of data
aquisition and processing much faster than the cases of imaging microscopes, but carry very

limited morphology information about the cells.

Image acquisition (as compared to integrated light detection) for analysis of interrogated cells
has beernvestigated and commercializ§dng 1987, Aptowicz 2003rtyn 2007].High speed
cameras and electronic tracking (time delay integration) enable image capture of fast moving

cells with no motion blurring. Coupled with advanced flow chamber designed dgbrflow



stability this new flow cytometer method with an imaging approach acquires more information
than the noamaging detector systems of the past. Limited feature extraction algorithms have
been developed to process thesages[Genter 1979] Other onfigurations of light detection

have been developed, such as acquiring coherent scatter signals in the time domain. This
generates anglesolved measurement of light scatters instead of just the forward and side

scatters [Maltsev 2000].

81.2 Overview of cell optics study

Despite the many developments discussed abovéhanpotential to classify cells based on
their morphology, imaging of coherently scattered light signals from flowing cells and useful
interpretation of the gathered data remain challepgubjects. Microscopy and current imaging
flow cytometry study of biological cells seeks to determine shape, position, and composition of
intracellular components through spatially resolved detection of light signals. This
morphological information findgs optical basis in the spatial distribution of complex refractive
index, with its imaginary part related to absorption, and fluorescence as functions of wavelength
and polarization of the illuminating light. In cases where absorption and fluorescence ar
negligible, it is the mismatch in real refractive index that leads to scattered light as dominant
signals and can be used to extract 3D morphological information if a coherent imaging method
can be developed. Bright field and dark field microscopy ekhmibrphology through utilization
of absorption based contrast whereas phase contrast microscopy produces image contrast based
on index mismatch induced phase difference. For most animal cells, the contrasts of these
noncoherent imaging modalities of brigigld and dark field microscopy are often insufficient

for detailed structural investigations. Various dyes will lend absorptivity or fluorescence to cell

3



components, increasing significantly the image contrast of otherwise barely visible cellular

structues under noncoherent illumination, but are invasive.

Different from conventional microscopy described above, confocal microscopy illuminates a
sample with a tightly focused light and then blocks out all emitted light except that from the
focal point in ts detector. By scanning the focal point of the incident beam within the object
plane, the produced 2D imaging can thus have a very small focal depth. A stack of the 2D image
slices can be obtained by translating the sample in the direction perpendidhkaobject plane
which altogether yields the 3D structural information of an imaged cell. However, this method
needs considerable time to develop the image stack and extracted image. In digital holographic
microscopy, the interference between scattégéd from a sample and a coherent reference light
is detected, yielding the 3D structure if holograms are acquired at multiple angles by rotating the
sample relative to the incident beam [Cheong 2009]. But this approach requirestisuening

acquisitionof multiple images as well and computing intensive processing for 3D reconstruction.

Thus it remains a challenging and attractive research topic to develop rapid method based on
elastic light scattering to classify cell based on their 3D morphologsas once considered that
just a few point detectors placed at several angles of scattering would provide sufficient
information equivalent to that from a complete angigolved measurement of scafigalzman
1990] However recent theoretical and experita¢studies of clustered cells have shown that
angleresolved measurement of light scatter can provide much more information related to the
cell morphology[Lu 2005 Brock 200§. Other researches have shown that correlation exists
between forward, side,nd angle resolved scatter and cell size [Steen 1985], nuclear size

[Genter 1979], organelle membrane smoothness [Wilson 2005], mitochondria swelling [Wilson



2005], mitochondria distribution [Su 2009] and intracellular distributions of refractive index

[Drezek 1999, Lu 2005, Brock 2005, Brock 2006, Ding 2007].

To be able to image large numbers of cells, they must pass through a predetermined focal
point relative to a microscope objective rapidly. Although this presents technical challenges,
rapid, labelfree, noninvasive analysis of large numbers of biological cells could be very useful.
Rapidly moving cells means the imaging time must be short, requiring exposure time$ of 10
t010° seconds to reduce motion blurring. If side scatter is to be measuredrttdanceat
microscope input is diminished by up to™@ver theirradianceof forward light scatter.
Therefore a sensitive light detector such as photomultiplier tube (PMT) is often used, integrating
the scattered signal over a large solid angle seoda and side scatter information takes the
form of a single pulse signal from each direction. The forward scatter (FS) siguisnce
depends on cell size while the side scatter (SS) sigadiancecan relate to cell granularity or
gradient of intacellular refractive index. In the measurement scheme of signal integration over a
solid angle, the fluorescence signals of stained cells are much more useful to detect conditions of
intracellular components since they are proportional to the numberosbfihore attached to a
targeted component. An improvement over the measurement of forward and side scatter is to
place an array of PMT detectors in a ring around the illuminated cell, resulting in many scattered
signal pulses at different scattering assgle the scattering plane. Thus more angular information

is obtained than with two (perpendicular) PMT detectors but less than an image would provide.

A step further is to generate from streaming biological cells an image of scattered light in an
angularrange. That is the objective of this dissertation study. It entails three main difficulties.
One is positioning cells accurately at the desired focal volume at low flow speed. The second is

to generate high contrast diffraction images with minimal scatteghat background due to the



optical interfaces around the flowing particles. And the third is to develop automated image
analysis software based on certain pattern recognition algorithms for rapid cell classifications
without need for computingtensiveoptical modeling as an inverse scattering problem. This
dissertation is aimed to solve the problems related to the first two difficulties and yield sufficient
diffraction image data of different biological cells that can be used in future researchetthgolv

last problem.

81.3 Organization of dissertation

Chapter 2 deals with the theoretical and experimental consideration underlying the design of
flow cytometers for particle positioning through fluid dynamics and image acquisition. Chapter 3
describesin detail various designs of flow cytometers developed and tested during this
dissertation research and related results of fabrication processes and performance. These
cytometers have the capability of producing laminar flow consisting of core and shedsh f
enclosed in a microchannel flow chamber. Chapter 4 describes a more successful submerged jet
design concept of the flow chamber and validation results with polystyrene microspheres. The
submerged jet design employs a water filled flow chamber intohathe sheath and core fluids
are coaxially jetted to position the flowing cells by the core fluid and permit a background free
environment for diffraction imaging. Chapter 5 presents results with spheres and biological cells
and possible classificatiorf gome cell characteristics. Chapter 6 summarizes this dissertation

researcltwith a discussion on future development plans.



Chapter 2 Background

This chapter will discuss the theoretical and experimental development in fluidics, optics,
and data analysirelated to the diffraction imaging flow cytometer developed through this

dissertation study.

§2.1 The principle of flow cytometry

In a typical flow cytometer individual cells pass through an illumination zone in single file,
usually at a rate up to 50Qells per second, and appropriate detectors measure scattered and
fluorescence light signals in the form of pulsed signals [Shapiro, Melamed]. Pulse magnitudes
are then sorted byraultichannelanalyzer, permitting the display of histograms of the nuraber
cells having a specific pulse height versus the values of height. The utility of the histogram data
is in quantifying statistically some cell characteristic versus its prevalence in the sample
[Maddox 1994]. Additionally the angular dependence of epedt signal provides further
information on the structure of the cells. Appropriate fluorophores may be added to the cell
suspension to bind to particular molecules such as DNA, RNA, or proteins for determination of
their concentrations or conditions. Othiuorescence reagents can be used to probe various
biochemical processes which include fluorogenic substrates showing distributions in enzymatic
activity; compounds for changing their property as a function of pH; or antibodies tagged with a
fluorescenprobe [Davey 1996]. The histograms may be presented as multivariate data sets with,
for example, scattering versus fluorescence from both a DNA stain and a protein stain. Thus
conclusions can be obtained about the distribution of several properties dmorgl$ in the

population as a whole.



There are three main components in a flow cytometer: a fluidic means to bring a cell
suspension into a fast moving fluid column that is ideally only one cell wide; an optical system
to provide one or more light bearfr excitation of the flowing cells and detect the scattered
and/or fluorescence light signals; and a data analysis module to interpret data for cell
classification and sorting if needed. The flow cytometer developed in this study requires several
improvaments over statef-the-art instruments. One is that speed of cells needs to be several
orders of magnitude slower to reduce motion blurring in image data while maintaining a stable
stream of laminar flow. Secondly sample flow must be either further thaed trom the nearest
optically interfering surfaces or else a method of refractive index matching implemented to
prevent undesired scattered light as imaging noise. The light collection optics must be
configured to allow easy transition from system atigmt under non coherent illumination to
data acquisition under coherent illumination for diffraction imaging. The information available
or encoded in the particlesd scattered |ight
consistent mappgand then the detector must be sufficiently sensitive and fast. And finally the

utility of the diffraction image depends upon correlating image with cell morphology.

A number of these technical requirements have been investigated previously [Seger 1977,
Genter 1979, Stovel 1978, Pinkel 1982] but for our research purpose integrating these
components for study of diffraction imaging remains a significant challenge. Several examples
can be mentioned: hydrodynamic focusing with particle velocities less tmam/80have been
accomplished using an integrated reservoir and flow cell [Ludlow 1978]; quartz flow chambers
having a microchannel with optically flat surfaces, inside and outside, have given relatively good
image data from scattered signals received biglat intensified CCD camera [Neukammer

2003]. The rapidly developing field of microfluidics has enabled flow cytometry functions to be



performed on a disposable device complete with all fluidics. For example the excitation light
beam can be brought in thugh chipintegrated waveguides, the small angle scatter can be
detected with several other waveguides, and side scatter detected by a viewing microscope
[Kummrow2009]. Camera technology, using time delay integration or an intensified ICCD, has
advanced to enable either high speed image capture or low light level with long exposure time
[Ortyn 2007]. We will consider each of the discussed design challenges ichtpter followed

with our solutions in Chapters 3 and 4, and results in Chapters 5.

82.2 Fluid dynamics of flow cytometry

The purpose of maintaining a laminar flow condition in a flow cytometer is to force the
particles without clogging into a singlddimotion for optical interrogation. Furthermore they
must move at sufficiently high speed for high throughput to a few thousand cells per second. The
positioning of the particle at interrogation point needs to be accurate in all three spatial
dimensionswith an error desirably less thanisfl. This last requirement is particularly critical
for this study since an image is to be acquired. In addition, and unlike integrated light
measurements or naoherent imaging, it is not acceptable to have intésmathed interfaces
near the imaged particle. This is because the information to be extracted from diffraction image
data only relates to coherently scattered light from the illuminated cell and light scatters from
extracellular interfaces comprise to noiseichhcan be very strong if the curvatures of the

interfaces are large.

A flow is either turbulent or laminar. A particle suspension injected into a turbulent flow will
diffuse progressively in complex streamlines and eventually lead to an even distridutinen

particles over the entire volume of flow. By comparison a laminar flow is characterized-by non

9
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mixing of streamlines such that in a long tube, in which laminar flow has been established, a thin
line of particle carrying flow, which | term flow g&am, will remain stable without mixing. As

the flow speed or tube dimensions increase or as viscosity decreases the tendency toward
turbulent flow increases. The transition is characterized by the Reynolds humber Re defined as

Re=d2U_du 2.1)
7 v

in which d is the characteristic size of the chanpel,s f | u i dudssdynaecrviscosityy ,
v =/p is kinematic viscosity, and is flow speed. When the dimensionless Reynolds number
Re falls below a critical value of about 2300 the flow will remain laminar since the viscous

forces, proportional ta(u)/d’, will dominate the inertial forces proportionalg?®)/d.

According b the potential flow theory [Pnueli 1992] the flow velocity vector figldan
be described by streamlines which amhogonal to equipotential lines. The scalar velocity
potentialp is defined byu = X¢ since the curl of a gradient is zero for a laminar flow. For
incompressible flowx @ = 0and sahe scalar potentigimu st al so s adquatienf y Lap
X 2¢=0. Thus, an accelerating, incompressible fluid flow inside a nozzle, as shown in&ig. 2
can be represented by a set of focused streamlines perpendicular to the equipotential surfaces.

Letds consider t wo cr ojsasdpressuwetpf samesheightiwithi=d t ub e

and 2. The conservation laws of mass and energy giyeeatsly,

LA =UA

22
wp=2 Ag- Al =2

with the second equation also known as Bernou

10



To consider momentum conservation we need to imagine a small cube of fluid with
dimensions ofAx, Ay, Az, and with six outward surface normals denoted by the unit vectors of

21, 3, X [Pnuelil992] Newtorts second lavior the cube can be written as
ma=G+S (2.3

whereG is the body mass force ai&ds the total contact force on its respective surfaths.
stress orany suface will be represented Bly; in which the first subscripgtdenotes which of the
six surfaces is acted upon by corresponding stress vectgrirahdates its component direction.
Thus a force acting on the surface of normslgiven by

F, =T,AyAz

_ [iTXX +j T, +k TXZ] AyAz (24)

In this case J is the normal stress component along the surface normal direction and the other
two stress compwents are shear forces in y and z directions. The sum of all forces in the x

direction due to all six surfaces will be

S=[T |X+Ax—Txx|x]AylZ+[ T Lyay™ TyuA Xz T, ThJA & (25

Here the first subscript indicates the normal direction of the surface a force acts upon and the
second subscript indicates the component of that force. The subscript following the vertical bar
indicates the stmce (position) in question, for example the [x] and [XA positions are
opposite each other and normal to x axis. From equé®d@) and concerning only a general

body force per unit massy,@cting on the cube,

G, = g,PAXAYA Z
= GPAXA Y 26)
ma, = gPAXA W

11



Combining surface and body forces in the x direction in the limitxas 0, AA 0, AzA O gives

the x components of forces and rate of momentum chasmge

— + aTxx + aTyX + asz (2 7)
P8 = POy ox 0y 0z '

Similar equations can be written for the other two components of the acceleration.
2.2.1 Poiseuille flow

The velocity distribution in a simple confined flow of an incompressiblel fbid dynamic
viscosity p, is schematically shown in Fig.-2 [Pnueli 1992]. Here we considéhe case of
laminar flow streaming in the positive y directionden
uniform pressure gradientAP/Ay, through a straght
channel of radius R with #uid speedprofile given by

u(r). The channel is considered cylindrically symmet

without obstructions and sufficiently long that dynam

%
equilibrium has been reached. Equilibrium in the sp¢

profile is reached after the tube length exces :

T 1‘:1:5:)%
R(0.058)(Re) where Ris Reynolds number [Schillel ft i %T
7&\::!::)}%
1922]. Consider a cylindrical fluid element of lengtih. ]
-—_

and radius r and centered in the stream as in Fig. -
Fig. 21 Simple Poiseuille flow in

cylinder of radius R moving in the +
direction with speed u(r). A fluid
element of radius r and lengthL

The longitudinal pressure differencaP., between top

and bottom surfaces, ignoring gravity, is therefore experiences shear fordeT,,.
AR =8P AL 238)
Ay

12



so the net force resulting from the differential pressure is

F, = AP 712 = _AP ALar? (29

Ay

with AP/ Ay negative since pressure decreases as y increases. This force is opposed by a shear

force of-Ty(2nrAL), which is the viscous drag on thglinder. Equating these two forces yields

AP r
T,=-|— 1% (2.20
Ay )2
and using Newtonés | aw of viscous flow gives
Lu__ZAPT (212)
dr Ay 2

Subject to the speed boundary condition at channel wall of u(R) =0, the above equation can be

solved to find

AP R (1Y

Therefore laminar flow through a circular channel has a parabolic speed profile starting from

~AP R .
zero at walls and reaching the maximum spegng—y4—=2u at the center with
7

curvature inversely proportional to viscosity. The maximum speeén&rc is twice the average

speed and this profile characterizes what is called Poiseuille flow [Pnueli 1992].

13



Two phase Poiseuille flow

Next consider a two fluid, coaxial, steady staf-
laminar flow as shown in Fig.-2 in which the outer ®
sheath fluid has a viscosity pkn= ku, k is core to de

sheath viscosity ratio, and the water core jhas its U

viscosity. The absolute value of the water viscogity

is 1.0 centipoiseor the dynamic viscositw=p/p is

0.001 stokes. Assume the two liquids are in lamir pa

flow and do not mix suclthat velocities at their y
interface can be considered equal. The volume fl L r
ratios of core flow Qto sheath flow @, depends on /Rj%\

the ratios of their respective radial dimensiogsand

]
. c
rsn. We seek to express the radius ralle — asa g 2.2 Flow of wo dissimilar coaxial

Fon fluids with the outer fluid of higher
viscosity. Core fluid has speed. and
Q viscosity p. and sheath ¢4 and viscosity
function of flow rate ratio z=—% .

sh

Using psi= K teore ku, the sheath speed from Eg.12) will be

_ R (=), (Y
ug,(r) = 4ﬂk( Ay )(1 (FJ J (2.13)

Integrating this speed over a region fraytorR givesthe total sheath volume flow rate as
7R -A Y (rY
Q= | =PI 2(—6] +(—Cj (2.14)
8uk\ Ay R R
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To detemine the flow rate of the comssumeu(r,) =ur) which meanghe differential

speed at the interface between core and sheath is zero. Core speed will be of the form

w-gen- ] e

with C as an integration constant. Calculating the speed at the fluids interface from the sheath

speed at that point and solving for C

vl s k(Y
0 (Ay]@ﬁ[ yj4u{k+[ 2l Rj} (249

Total core volume flow, Q is obtained by integrating the speed ou@sssectionalarea from r

=0tor=rg
Q.= | 27zr u(r)dr (2.17)
which provides

Q- ;’5;( Aypj{z(—&jz +[2 k-1- 1](%{]4}. (219)

The flow rate ratio can now be determined as a function of radius ratio as

:% g;;( R4 j{ (;J [2k-1- 1]4(;]4}. 019
i gyk Ay { }

15



The inverted function is more useful, giving core radius as a function ofsheegh flow rate

ratio z
r 1+ z—+J1- z+ 3kz
L \/ . (220)
R 3-3k+ z
0.7
—— 2 fork=0.2
—— 2z for k=1
06 —e— 2 fork=2 X
—x— 2z fork=4
—o— zfork=6
_ 05
2
@
=
L04 -
-
2
©
6 03 .
(vl
0.2 4
0.1 -
0.0 0.2 04 06 0.8

z value

Fig. 2-3 Predicted ore radius tfjormalizedto channel radius) ersusflow ratio at
differentvalues of relative viscosity k.

Fig. 23 plots core radius as a functionflwiw ratio for viscosity values of k from 0.2 to 6.0,
showing that asheath relative viscosity increadée core is reduced in diameter and increased
in speed. The maximum k value of six is chosen because it is the viscosity of a selected water
glycerol mixed liquid used for sheath fluid in this study. The use of this liquid allows the match
of its refractive index to that of the PDMS made flow chamber walichvgreatly reduce light

scattering at the interface. Eq. (2.20) and data in F&yc@n enable one to estimate the resultant

16



core diameter from the values of viscosity and flow rate ratio. This diameter must be
comparable to diameter of particles lgeiconfined by hydrodynamic focusing. Notice that for

higher sheath viscosity the core will become smaller and hence propelled at higher flow speeds.
Flow profile in short or tapered pipes plug flow

Poiseuille flow in a channel is the steady state resuit after flow profiles have reached
dynamic equilibrium. If the speed profile is square shaped at the entrance of a tube, then the
parabolic profile will only develop progressively after a distance of R(0.058)Re [Schiller 1922].
However, it has been showthat the velocity profile in a tube is highly sensitive to convergence
of the tubes diameter, such that as little as .001 radius to length ratio results in marked flattening
of the parabolic shag@randtl 1934] The nozzles used in this study are of éirsions such that
the flow completes transitions from square to parabolic velocity profiles for lower flow speed

values used but remains square for higher flow speeds.
2.2.2 Hydrodynamicfocusingand jets

Consider two fluids A and B with flow rates ofc@nd Qy, respectively, undergoing
acceleration by being coaxially injected into a converging tube C, as shown in&idf the
convergent tube is conical then, because fluid is incompressible, velocity as a function of

distance s from its convergencaim (apex) will be

s—— ¢ 221)
275° (1- cod )

where Q=Q+Qc is the total flow rate ané is the cones half angle. The acceleration of the

fluid elements as a function of distance towards apex is [Van Dilla 2000]
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v 2 o T
dt S| 27 1- cod (229

The velocity gradient will be

dv__ _ Q
ds 7S 1-cod

(223

Typical values used in our study of flo Fig. 2-4 Acceleration of

. . sample particles by
nozzles are the outside tub@meter of 8mm sheath in convergenc

zone of radius s as

and inner tube diameter of 80 umith a Measured from apex C
Core flud A is

, accelerated by sheat
convergence distance of 10mm and flow ré g4 B Y

of Qsi= 1 ul/s and @ = 0.03 ulL/s. From
these values the highest acceleration near

apex will be about 500nfis The velocity

gradient at the same location will be
(0.04m/s)/m at a position about 20 unside the nozzles peak acceleration ra&geetchingof
cellsdue to velocity gradiertherefoe will be negligible in above example, which is typical for
flow conditions in this studyVelocity inside nozzle exit will be less than 50 mm/s. These values
are 100 to 1000 times leghan those of typical flow cytometers because of constraints for low

flow speeds to allow bldiree image acquisition.
Submerged jet calculation

The theoretical behavior of a submerged laminar jet of a viscous, incompressiblbaf
been worked out by Schlichting [1951]. It is based on the simplifying assumption that the jet

originates from a point source with infinite speed. If the point of origin of the infinite flow is set
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inside the actual nozzle upstream a distayideom the exit, then experimental agreement with
the model can be realized. The valug/bhas been determined pirically asy’= 0.216(Re)(a)

in which Re isReynolds number arglis nozzle radiu§Andrade 1937]

In this case the jet speed u as a function of axial ty@ef’ + y and radial distance, r, off of

the y axis is given by

uy,r=A ! 3

1+ B(r

(r) (2.24)
where
A3 ,

8zpvy (2.29

B=%
64zov=(y') (2.26)

For the above equations, J is the jet momentum transfer per unit time through a plane
perpendicular to the y axip,is density in g/mE andv is kinetic viscosity in Stokes. This model
which has good agreement except very close to the nozzle, considers that momentum is

conserved between primary and entrained jets.

If the origin, defined as the location witth — o, of thejet is assigned to a point ypstream
from the actual jet exit, as presented in Figh, Zhen some theoretical speed flow lines are
eliminated as nonphysical due to their interference with the nozzle wall. The first flow line which
intersects the top edgof the physical nozzle becomes the first real flow line. At this point all

moving fluid will have its origin as the jetting fluid.
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However as can be seen in Fig:52the jet slows in an inverse ratio to its travel distance
alongthe y axis and progressively drags more of the surrounding static fluid along its path. The
original jetting fluid is primary jet and surrounding

accelerated fluid is entrained jet. In this model momentu A/—\J\

is considered conserved within the primary andaaméd

jets, which agrees well with experimental observatio M

Y
except the part of flow very close to nozzle exit. For . -
—
given volume flow rate Q at input the momentum transfe jL
. . <y > a
rate J at the nozzle exit will be
sz 2 >
Js = JEN) =7v°(Re) Fig. 2-5 Schematic of flow lines for
(2.27) submerged gt of radius r exiting
nozzle at y = 0 upward into a stati
. A . fluid filled chamber. At point A, =
In this case the Reynolds numb&e =1 (v Indicates P Y

-y® and y = infinity. Two diameters
] _ ) _ characterize jet: d is of primary fluic
the ratio between dynamic and viscous forces in a flt and D is primary plus entrained stat
fluid.
The average speediis,a is a characteristic dimension o
the pipe, and’ is kinetic viscosity. dis the momentum calculated if flow profile at nozzle is
assumed to be of a square velocity profile, which becopred/Btv’R? for a parabolic velocity
profile. Nozzle shape and length determine whether velocity profile is square or parabolic which

in turn affects the velocity profile downstream from the nozzle exit.

It follows therefore that some of the downstream jet is derived from the surrounding static
fluid. So there will be two jetting fluids; primary, A (from injector tube), and entrained, C; and
t wo diameters with d as the diameter of the
describing the stream as in Fig62 If the primary flud is dyed or of different refractive index

from static fluid, then its interface will be visible and its diameter d can be measured.
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Furthermore, if the flow is sufficiently fast, then the interface can become visible because of the

density fluctuation beteen static and movig f | u cadb® measured. 6

0.8

0.7 A

0.6

0.5 A

0.4

0.3 A

Cm from nozzle exit

0.2 1

. . . . 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Fig. 2-6 Recirculation flow linedor

jet into a static chamber having
single exit orifice. A is primary jet
fluid of diameter d. C is entrainet Fig. 2-7 Theoretical plot of primarysubmergedjet silhouette
fluid. The combination of A and C is (showing just right half side of jetht different flow rates

of a larger di al calculated from Eq. (2.29) and using&mm nozzle
sheath fluid to confine jet.

Edge of primary jet, cm from center

The transfer of momentufmom jet to surrounding chamber fluid causes the maximum speed

to diminish inversely withy/’. Therefore, the flow rate Q of primary fluid remains constant

while its momentum decreases although the collective momentum transémrods a
perpendicular plane of all fluids remains constant. We seek the flow speed profile as a function
of vy, Q, dé6 or d and also the core fluid di
particles speed and its confinement within both tierascope objectives depth of field and also

within its field of view (FOV).
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Because the flow concerned here is laminar, the total original flow Q can be related to speed

profile u(r) as discussed before. So it is possible to calculate diameter d asanfahg/ from

Eq. (2.20)
=d/2 A 1
= 2zr u(r)dr=7r—|1-——— 2.28
Q= [, 2z 0 ”B[ 1+B d/zz} 229
or
dzz\/”—A_l
7AB-QF B (229

Fig. 26 shows the various sources of flow in the flow chamber and their interactions. Sheath
input at B will focus jet at the chambers exit nozzle by competing with nozzle primary flow A
for cross sectionThe streamlines for the primary flow are grapfadtypical vdues in Fig. 27

using Eq. (2.29 At very low velocities, such as the cases concerned in this study, the jet

expands rapidly upon entering the static environment.
2.2.3 Review of experimental study of flowramber fluidics

The theoretical considerations discussed in the previous seat@nde used to guide the
experimental design and development of flow chambers used for flow cytometry. However, for
the most part the theory has followed, not preceded, the tedradladvances. This is because
governing equations for a submerged, two phase jet require knowledge of the position of
interface between each laminar flow phfRehards 1994|Different approximations have been
studied and solutions must be obtained edaoally. Also accurate measurement of complete
flow field speed, position, and direction is difficult. To my knowledge there is no theoretical

analysis for a two phase jet injected into static chamber and exiting through nozzle.
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Therefore met development efforts on flow chambaave

been a mixture of theoretical modeling and empirical results. L\r\‘”\fﬁ}
RN ([P
Fig. 29 shows some of the major changes in flow chamber }J L H
. _— j /AN
designandappear almost identic#ioughin performance there f/f,:;,/ \‘\\\‘Q}\\{
/11 AN
are important differences. =i 229A is the most common and r‘[ f M '&\\‘*‘\1
] |i |
simple designn which the core flow stream undergoes rapid ': h! jj )
acceleration in nozelwith associatedtreamlines as depicted \ “3‘%\ ,;:f /
ﬁ_" \ Il:l.|'l .':}?
in theuppermost sectioaf Fig. 28. It is possible for core flow \\ \| | j‘
.I'\\ JI
.

stream to change so rapidlythe injector tip that instabilities \J ff
Wi/
result. Referring to Fig. DA after focusing by the nozzle the |

combined streamsf sheath and core exit through an orific _. . :
Fig. 2-8 Streamlines resulting

) ] . ] from various tube, nozzle, and
with the core confined to a diameter of a little over that orifice configurations. At the top,
flow lines are focused down an

single particles. Optical scatteringccurs at the aifluid the speed is increased. In midd
section the stream expands and

. . . : bottom of diagram the exit vorte:
interface which means no optical surfaces interfere but the { ;. ses furthgr_

stream itself is a cylindrical lens, requiring an obscuration bar in the laser plane.

In Fig. 29B a focused stream remains encased in a square flow channel witinéaand
outer walls. Thus the excitation beam and subsequent scatter do not undergo distortions due to
largeangle scattering, except specular reflections, as in the case of a cylindrical stream in air.
However, sorting particles is more difficult, anbdannel walls can still cause reflections since
the flow cell is quartz. These reflections are tolerable for angularly integrating detectors but a

larger problem for imaging detection.

Fig. 29C is a design described ifMullaney 1969]. The nearby channelalls at

interrogation point have been eliminated. Instead the focused s@mafile combined stream is
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jetted into a chambdilled with static fluid and then the jet continues on to a small exit orifice.
Since the chamber walls are several millimeteosnfexcitation beam and flat, scattering near

the flowing patrticles is eliminated. This comes at a price. The focused jet passing into chamber
becomes defocused by friction and momentum exchange with surrounding fluid. This expansion
of streamlines ashown in the middle section of Fig.-& reduces positional accuracy of the
flowing particles. The expansion increases with slower flow and results in imaged particles being
randomly positioned relative -OfouiewtFoeimagilgj ect i v
detection, as opposed to integrating detection, this can be a major problem. However, there is a
second focusing involved in this design generated by the exit nozzle. The bottom part €8 Fig. 2
illustrates tlat vortex focusing not only redes streamdiameter butinchors it fromdrift which
occursas a result of théarge gapbetween entrance and exit. Most importantly the vortex
focusing can be used to further contract the core stream even smaller than the diameter achieved

by focus nozzle.

The latterwas the concept of Fig-2D, [CroslandTaylor 1953].It is a variation of 2C and
involves two significant differences. Instead of a cone shaped nozzle, the sheath focuses by
surrounding core in the natonfined chamber, so that acceleration ofectbow stream takes
place by momentum exchange but not by pressure (since nozzle walls are absent). This results in
a milder focus but there are no optically interfering nozzle walls that stands out as an advantage.
The second significant difference isapément of particle interrogation point closer to exit tube.
This reaps a benefit of increased focus of th
is in the reflecting surface of the exit nozzle. Through experiment, we found that the closest
distance of the interrogation point from the exit tubihout light interference is several hundred

micrometers from the tube.
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Fig. 29 Progression of flow cell designs over several decalesach picture laser excitation enters flow ¢
from left side in diagrams and scatters light off a focused particle stream entering from above, with
stream injected by the smaller tube. Diagram A is sample core injected by ~200um needle into acct
sheath flow field, passed through ~ 80um orifitt® air for laser excitation. In B the combined streams rerr
inside a channel, usually quartz, of square cross section for excitation and viewing. In C the combil
focused streams are jetted into a larger, ported and fluid filled chamber amdexaftation, stream leave
through small orifice. E is the same as D except a third sheath fluid is injected into viewing chamber
three fluids exiting though exit orifice. F is two cascaded focus nozzles.

Schuettemodified thedesign of Mullaneyet al. by adding a second sheath injected into
chamber, as shown in Fig. 9B5chuette 1984] The result is more fluid leaving exit tube,

compressing and accelerating core to a smaller diameter and doing so at a position further from
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exit surfaces. This is termed as the three fluid hydrodynamic focusing or cascaded focusing. This
variation was applied in a microfluidic chip design displayed in Figilk@ffnmrow 2009] The
advanage of cascaded focusing concerns flow instabilities resutiomy too high of a ratioy,

between sheath speed and core speed.

All of the above design configurations are relevant to this study. We can summarize the
requirements for diffraction imaging of cells aswl speed flow foimaging camerato reduce
motion Burring; low laserirradiance for avoidingell damage; no indermismatched interfaces
around flowing particleso generatémages with high contrastlow drift and highstability of
core positioningbecausadiffraction imagepatternvary with focus and positioof the incident
light beamrelative to the particlesn the experimental resultsectionthese cosiderationswill

beapplied to our design of flow chambers and fluid control unit.

§2.3 Light scattering by a particle

Light scattering by small particlas very complex subject and oftenodeled byvarious
approximationsaccordng to different needand precisionmelated tomeasurements. Scattering is
a result ofthe variations of refractive index
within the particle and from its hosting
medium When a light beam of

electromagnetiovaves strikes a particlethe

excited moleculessides the particlean be

Fig. 2-10 Incident wavefront from left generates
scattered wave which is the phased sum of wa
from each dipole.

represented as phased array of a large
number of induced electric dipoles, as

shown inFig. 2-10. The oscillatingelectromagnetidield of the incident lighdrives the dipoles
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to radiate and their phased sum is the resukéedtromagnetidields of scattered lightThe
phased relation among theelds by themoleculardipolesin turn depends on their relative
positions and the scattering arglés a consequengthe scatteretight irradiancewill change

asa function ofthe scatteringangles in space to form characteristic fringe patterns that can be

measured as diffraction images

The simple casef only two possible scatter directignferward andoackward, isshown in
Fig. 2-11. Only in the forward direction will regadiation from any two dipoles be in phase.

Furthermore, as the number of dipoles in the parti
N T

increases (particle size), their combirfedvard scatter | | |

/ N N N

irradianceincreases rapidly. Calculations indicate tF .
R N
the forward scatter incases approximatelyas the ——— o B
m.

square of the volum@elamed 1990Q]

Fig. 2-11 Depiction of wave scatter by
particles A and B. Top wave is incider
illumination and dipoles A and B reradiat
in all directions. For two dipoles of
radiating dipoles will changeaccording to the angle arbitrary position,only in the forward
direction will their phases be the same.

values generating maxima and minima in the scatter

At other scatteringangles the phased sum frahe

light irradiancedistribution as the scatteringattern.lt can also be shown that as the particle size
increaseghe number of fringes also increases. If the number of dipoles is kept constant but the
shape is changed then the phased sum must chidagee the resultarsicatteing patternmust
change but in a complicated wathat is verydifficult to model Fig. 417, for example, is an
imagewe madeof the scatter patterns resulting from a perfect sphere and from a dented sphere,

the latter still having som&milar fringes as the perfect sphere.

Despite themodeling difficulty, some conclusions cabe drawn. The forward scatter

wavelets from all dipoles are always in phase independent of their relative positions. So forward
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scatter will not contain information aboutagle positionr internal structureand scatterfar
from forward contain muchmore information on internal structureAs aresult a changed
orientationof a particlerelative totheincident directiorof a light beanwill changats scattering
pattern.A biological cell ha small variations of relative refractive index throughout its volume
due tothe changingpolarizability of is dipoles Since relative refractive index is close to unity
amongall of cell componentdor a cell immersed ira hast medium ofwater or an aqueous

solution biological particlesareconsidered weaklgcatteing.
2.3.1Mathematical description of scattering

Consider a particle illuminated by coherdéight along the zaxis asshownin Fig. 2-12. A

detector at the point from origin andof coordinatesx, y, z, receives scatted light along a

directionindicated by ainit vector€.. The scatter plane is defined Byand€.. The electric field

E is resolved into components the parallel componentE, €, and perpendiculacomponent
E €, relative tothe scattering plane

The incidentelectric field vector and correspondingirradiance aretherefore given by

following, respectively

E, =E,e; +E;€;

I = <E//i E/*/i +E, E:J > (2:30)

where the angl e br ac k e fThe gléctric fieldofdhie scattered lighicame a v e

also beresolved intdwo component®f ¢, and€

Es = E// se// s+ Ei seL < (231)
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The linear relationship betweerthe incident and scattered electric field componerds be

expressed by 2x2 amplitudematrix which describet he scatt erer 6s ef fect

E//s :eik(r—z) SZ % E//s (232)
E.. —ikr |S, S| E.

wherek=27 Nmediur{Avacuum- The four complex lementsS; to S, yield the anplitude and phase

of the sc#teredfields if the incident fields are given and thus vary as functionsamid contain

detailed information o thestructure dthe particle.

/ /?
y <>
N eﬂ *
= [— X
J e «

Fig. 212 A particle atthe origin is illuminatedalongthe
z directionresulting in scattered electromagnetic field
ecomponents as shown.
We seek to definghe incident andscattered light in terms afradianceswhich are real
guantities, which lead to the definition of the Stokes vector components @Qf U, V
representingthe light intensites related to various combinations ofinear and circular

polarizations. Th&tokes parametersan be expressead terms the electric fieldomponentsas

[Hecht 1987
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I :<E//E; +E, E1>

Q=<E//E;/+ E EL> (2.33)
U =<E//E1+ E E:/>
V=<E//Ei+ ELE/>

The relationship betweendlStokes parameters for incident and scattered light are given by the

Mueller scatteringmatriwh i ch again describes the scatterer

] S, S, S S|
Q| 18 S S s
u.| ks, s, S SV (239

Vs St % B 2

Different from the amplitude matrix elementegse sixteen matrix elemerdase real quantities
and alsovary withr andthewavelength of illuminationcontaining informatin on the refractive

indexdistributionthroughout the particle

Fraunhofer diffractiormodel providesa method to extradtructuralinformation fromthe
diffraction images of a planarobject. The spatial frequency of various featuresn image
computedby their Fourier transform display as low frequencies towards centand high at
edge. Ier exampleKopp andPernick[Kopp 1976 produced Burier transforms oflide sections
of human cervical cell$he malignant cellsmnageshad chromatin distributions of higher spatial
frequencies than normal cell®ther similar studieshavebeen reportedRozyzck 1982 Seger
1977. A problemin this Fraunhofer diffractiorapplicationis that any small stray object in the
object plane will poduce the high spatial frequency signal. Also if scattered light passes through
a lens, then lens itself distorts pattern receivEde placement of a particle in Gaussian
distribution beam ofaixis will result ina large change ithe small angle scattarg. [Pernick
1979
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Mie theoryprovidesan exact solution adhe vector wavequationf electromagnetic fields

for a homogeneous spheskaced in the path of ligland in this case E¢2.34) reduces to

ls S S, 0 0|
Q|_1(S S 0 0Q
Ul Kr’ 0 0 S; S,||U
Vs 0 0 _%4 34 V

(2335

This study has used Mie calculation software for comparisons on Latex sphemsspherical
biological cells Brunstigapplied the oated sphere model to Chinese hamster gétls good
results[Brunstig 1972] Mie theory can also be applied to rgpherical spheroids of revolution

if their aspectatio is not too larggref].
2.3.2 Light scattering in flow cytometry studies
Forward and side scatter

Particle discrimination on the basis of forward light scatter can be useful under certain
conditions. For angles between V&nd 12.5, Steinkamp[1973 showed that the scattered
irradiance bypolystyrenespheres varies by diameteubed from 5.8un® 10.5um;variesby
diameter squared for over 10.5um; draba decreasing dependence over 12um. Most notable
about these measurements is that, by changing optics from a simplef [#88mm in focal
lengthto a pair of crossed cylindat lens, the relations between scattered irradiance and sphere
diameter became significantly different. Thus tmeasuremenbf scattered lightwas not
independenof the incident beam profile due to differemtics used, which is noa desired

situationif one is interested to invert the structure of particle from scattered light measurement

For biological cells Julius[1975] showed thative and dead murine thymocytes could be

differentiated by scattering signals betweéhahd 16. The live cells, though ofhe same
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geometriccross section as dead cells, scattered more light. The mechanism for this is that the
broken walls of dead cells allow interchange of cytoplasm witthdstingmedium, causing a
decrease ofelative refractive ndex. Another mechanistor reduction indead cell refractive

index was shown byBraylan [1983 to be associateavith cell shrinkage At the forward
direction ofQ°, lost irradiance is the result of absorption anattecingloses,and can baisefulin

cel discrimination.

Another discrimination tool is in the relation of small angle forwsrdtter(FS) tothe side
scatter (SS) along the directionsperpendicular to incidentight. Salzman showed that
subpopulations of leucocytes could differentiatedon the basis of ratios between FS &8
measured imultaneously. Note that the mechanism for this discrimination is not fully
understood. Vissef198(Q performed FS'SS coincidence measurements on red blood cells,
swollen comparedio limp. He was able todiscriminate between them based upon the
smoothnes®f their surface, th&S being more sensitive to shape than FS. Dub¢iiq
showed thatSS was more sensitivihan FSto inside changeof refractive indexinduced by

putting air into bacteria vacuoles

Note that in most of the above cases, discrimination between cells is essentially the issue of
gross size oraveraged inside gradient oéfractive index.Except for the study by Visser,
subcellular features are not displaying based uperangularlyintegrating detectors located at

0°, 9¢, and some smafllbrwardanglesof 2° to 12°.
Angle-resolved measurement of lighscattering with a flow cytometer

Various methods have been triedni@asureangleresolvedscatter from a single celkull
scatter information of a negphericalparticle requiresrradiancemeasurmentat all scatteng

anglesin the polar(0) and azimutha{¢) directions as shown iRig. 4-8. Diffraction imagef
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dropletin air have been acquired and studl®d laserlevitation [Ashkin 1981] The optical
trapping of the droplet allows itsolation from nearbyptical interfaces and acquisition lufh-

contrasimages.

Salzman[1973 arrangeda 32-photodiode ring concentrically to detect scatelight at 32
values ofo from O° to 3(P. Larger rings for larger angles compensated for rapadiancedrop-
off with increasing 6. A number of high correlation cell discrimination studigkich were
obtained byintegraing over theazimuth angle. Ludlow [1979 used a similar desigwith 177
optical fiberseach receiving scatter at a different angle and all detected sequentially by a single
PMT. Bartholdi [1980 used an ellipsoidal mirror to pass scatter onto 60 photodiodes
simultaneusly, yielding 60 readings fro 4’ to 356 but only one azimuth angle.
Loken[1976] usedlargecrosssectionlaser beam to generate scatter for extended travel time,
detecting with a single but at increasing angle with particle travel. This arrangement assumes that

particle does not tumble or deviate from a straight line during detection period.

Maltsev [Maltsev 2000 developedthe flying indicatrix method tomeasurdight scatterat
multiple values of the polaangle@ with integrated ovethe azimuthangles ¢ (Fig. 2-13A).
This was dondy streamingparticles along the axis of aflipsoidalmirror coaxial with alaser
beam axisScattered light intercepted by the mirror is focused through an aperture and thence to
a PMT. The gometry is such that the detector output @a of integrated scatter as a @tion
of & astheparticle moves along tHaseraxis. It is necessary for onlyne particle to be in laser
beam at one timeAll of the aboveangleresolveddetection schemesnly generate andgar
scatter measurat fixed or integated values of azimuténgle ¢. This of course islue tothe use
of point detectors arounthe scatteringarticle. Mitigating this by stretching time (and space)

period of observation puts greatmnstraints on the particle floar throughput of processing
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To record allpossible anigs simultaneously means one chouse ofa very sensitivémaging
detector This approach, however, requir@s longer signal acquisitiontime for exposure
reduction or elimination of theptical noise due tthe indexmismatched interfacedose to the

scatterer

Several recent experimsnhave addressed these problems, some of which are illustrated in
Fig. 2-13 and Fig 2-14. A study onangleresolvedscattering of aerosol particlegiptowicz
2003, sidestepped the difficulties of flamg cells by imagingairbornespheres and biological
cells(spores)Because of the much reduced density and viscosity of gases, a gascsindzarat
the focal point of a nearby lens withatlie intervening space slowing the stream or causing
turbulence. Ths there is no need for a flow cell wall and its attendant optical complicaiibas
target sod s c a striaightteaollectinglehsand prmtensified CCD ICCD) camera
Results showed lighinterference patternwith some regularity of s& and orientationn the
diffraction images Of course tls approach cannot have wide applicability foost biological
cells which must remain inaqueous solution to be viabldf they are trapped in a spherical
droplet in air, then theurroundingair-water interhcemake itsscatteed lightpatternuseless for

extraction of structural information about the cell

Angle-resolved measurement of scattered light by cells in suspension has been done by
Neukhammef2003]. The flow cell used was a 250um squarerochannel chamber made of
glass and the biological cells were hydro dynamically focused into its center at flowing speed of
several meters per second. A laser beam of 1.3W in power and 488nm in wavelength was
focused on the flowing cells with microscopbjective and a second objective collected the

scatters near 90With a focused beam of gt in diameter excitation beam, the average flux is
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4x10° W/m?. The scatter signal was passed to an ICCD camera. Images similar to Aptowicz

were obtained of bloodells and other particles which are quite noisy and of low contrast.

MICROSCOPE Q %\é\; Jé/ 6>

J —

PMT

Fig. 213 Evolution d scatter imaging designsUpper left the original Coulter countegenerates a
pulse as particle changes field impedance between orifices [Coulter 13583r ight, forward light

scatter (FLS) and perpendicular light scatter (PLS), [Visser 1980]. A PMT detector gives puls
proportional to integrated solid angMiddle left, a slide contains either dried and flattened cell or a
falling slowly in viscows fluid [Orvyn 2000], [Seger 1975]. Radial and angular information is colle:
by microscope camera, not a flowing system. Another variation is to use holographic video micr
and digital processing [Cheong 2009liddle right a 360 array of detedalrs in plane of laser picks uj
scatter as a function af, but all at only one azimuth anglé=0°[Salzman 1975, Bartholdi 1980]
Bottom, a flying lightscattering indicatrix configuration in which particle and laser are coaxial.
particle travels alongnirror axis,q progresses from 2o 160 and PMT generates output according
[Maltsev 2000, Loken 1976]. Azimuth scatter, however, is integrated.
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CCD

Fig. 214 Recentdesigns giving full angle resolvestatter imagesLeft: configuration uses quartz flov
cell with square, 250um cross section and intensified CCD[blapkhammer 2003] Right design uses
flow cell as a waveguide and CCD chip directly against flow cell wall without lens [Su 2008].

A much less expensive design was tested usmgrofluidic designand a simple CCD chip
[Su 2008].The concepts to inject a laser beam coaxially intbe flow channelas a waveguide
and then place a CC&ameralirectly againsthe side ofchannel through an optical windowo
lens is used although a microscope is necessary for aligmnugrdsesThis, howe\er, is only a
flowing system wherplacing the particle into thimcusing volume at which time ttgarticleis
temporarily immobilized for image acquisitioAn instrument developed ¥ Wang 2004 is a
miniaturization ofa conventionalflow cytometer on a nerofluidic chip. A very small lens
focuses laser beam, from an integral waveguide, onto particle in microchannel. Nevertheless the
side scatter signal, received by a microscope objective against the chip, is to@mwesging

detectionbut a PMTwas usel for pulsesignal detection instead ah image.
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Summary of scatter imaging optical configurations

It is useful to bring together the various destgand their limitations to clarifyhow
considerations of differerfactors compete for a usefuistrumentdesignfor our study Fifty
years ago ite number of detectorstarted with one PMTor signal detection at single
wavelength and one polarizatioWith one detectofor FS, reflections and refracti@f incident
light by nearbyinterfaceds not abig concerrsincethe scatteed light signalss integratedver a
selected solid angl@he S5 signalat 14mm from targdas about onéen billionthof incident flux
so when a second deter is added only a small fraction of optical noise from H&result in
saturatd SS detectors. Furthermore much more excitationrradiance is necessary for a
reasonable&sS signal.A high excitationflux is unacceptabléor study of biological cellslue to
possibility of damage For imaging detection,ny nearbyinterfaces or particles can lead to
significant scattered lightoise that is unacceptable fohigh-contrastimage acquisitioneven
though it istolerable forangleintegrateddetection If the noisecausing interfaceare far from
the targeed cell then imaging noise is greatly reduced, but particle trajectoriexore flow
streamcould become unstablé\ reduction of particle speed allows longer image exposure time
but at some poirbw particle throughput reduces instrument usefulness. By malkamgeer of
sheathflow large, the stability of core improves but such a large volume of fluid to dispose of
could posea difficulty. For verysmallflow ratesthe inside of theore fluidinjectortube will be
clogged by particles adhering itts wall. A smalle inside diameter fothe core fluidtube will
reduce adhering to walby speed increasbut the probability of clogging at tube entrance

increases.

An exampleof these desigmrhallenge has been discussedhe instrumentdesignof the

Neukhammed seport[2003]. It required anincident laser bearpower several hundredimes
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greater than the systameported by Set al.[2008] or by our instrumenitlacobs200%, Jacobs,
20094. In addition,an intensifiedCCD camerahas to be used for the very weak ssiatter
signals for imaging anché diffraction images appedao be ofreduced contrast perhaps because
of the presence of chamber walls 125uragpfrom the particleand of low resolution because
of thel C C Dmicsochannel plateThe imagng studyrepored by Suet al. [2008]Jused not only

a much lower power lasdiut aninexpensive CCD camera Nevertheless these images afe
consideral® low contrasbecause gfpresumablythe imagingnoise fromthe spuriousscattering

of the incident laser beam lmave guide

824 Review ofdiffraction imaging of biological cells

I n the | ate 1 9Frafkéud Regearth Centdayge Buambdrseddiffraetion
images of biological cells were recorded and submitted to data arsdftsiarewith the ideaof
connecting cell morphology and biology with its associated diffraction ini&gger 197J(
These images weracquired froma dried cell plated on a slideith the forwardscatteredight
imagedthrough a microscop@\ later improvement was to embed tbel in immersion oil so
thatthe relativerefractiveindex between nucleus and cytoplasm was comparable in magnitude to
that betweenthe host medium obil and the cytoplasm.Signalswere digitized in a polarplot
with the radial variableR expressing té polar scatteringangle 6 and angular variablep the
azimuth scattering angle). Combined with the work ofGenter[197§ they were able to
correlate certain celtharacteristicswith the dominant frequencies in thpolar plot of the
scattered lightrradiance Cell sizecan be determined from the image component$igh
frequencies, nuclear diametérom those of lower frequencies, and granularity (nuclear
substructuresjrom those oflowest spatial frequencie3heir conclusion was that these wave
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frequencies expressed themseloesr all scatteng angles. Howeverthese polaplots shav
thatradialirradiancefor granular and coarse cells suggest that ana#l fine granularityhas its
peak intensities shifted to highnge ofscatteing angle6. But the standard deviation of this shift

looks to be so large that categorizing a cell on this basis would aotheate

In 1985 Steenet al.wereable toconducta more specifiamaging study orcell components.
He used histograms @keak anglar irradianceof blood cels overa range ob from zero up to
125 to correlatethe angle with cell characteristics. Cell diametefsl0 to 30um,and nuclear
diametersof 3 to 10um, expressed most scatter in angles <The presere of mitochondria
(long dimension #4um and small diameter G®5un) dominatedscatter in the range >3
Presumably lysosomes (8025um), Golgiapparatusendoplasmic reticulunand cytoskeleton

will be most visible at larger scatter angles.

In another study[Mourant 1999 the researchersused a goniometer to examine cell
suspensionsThe model used was of a cell as a distribution of various sized spheres, to be
analyzed withthe Mie theory. They used goniometric results to determinghe angular
dependencef scattered lightP@©), and the reduced scattering coefficient and compare them
with modeling results The conclusions were that most scaitefrom inside the cell and
progressively smaller structures (as spheres) wyield scattered lighbver progressively larger
scdtering angles.A similar study by Drezelet al. L1999 alsowas done with cell suspensions
and a goniometefareful studyof angleresolved scattered ligiradiancefor cells ofdifferert
parameters (g. nuclear dameter, refractive index of ongalles, collagen orientation) asdone
both experimentally and usinlge FiniteDifferenceTime-Domain £DTD) model They showed
that these celparametewvariations result ircorrespondingrariations in scattang patternbut,

most notablythe variation is smallThus any instrument that would diagnose cells will need to

39



be both sensitive to thestructuralvariatiors and yet allow for cell variabilityin a suspension

sample

The angleresolvedscatteing measurement with aimagingcamerafor singlecellsin flow
by Neukhammeet al. 003 was able tallow thedetermiration ofsizes of spherical cells and
also to see a difference betweeative and sphered red blood celgparently the very high
speed of flow through, low resolution o€CD camera, and perhapsiaging noise from
interfaces around dlowing particle resulted in such low contrast images that no other

conclusions about biological cells could be made.

Although the study by Aptowicet al. R00T is only applicable to aerosolg is useful for
correlatingthe variability of patternsin the acquiredmagesto the structure of the imaged
particle Essentially the number dfrighti i s | bBynstlosglight scatter andheir eccentricity
and relative alignment along their loagis correlatestronglyto thegrosssize of theparticle but

weakly forinternalstructures

Wilson et al. 003 repored that using scatter analysis of mitochondria suspensions the
change in size or surface material of these organelles induceshdtpd/namic therapy
treatment(PDT), could be detected. Applying the coated sphere model to mitochondria before
and after treatmentevealedan increaseof the scattered lightoward largerpolar scattering
angles Again, the shift is small and would ery difficult to detect insingle cells. Su et al.

[2009 applieda FDTD modelto simulatelight scatteringvariationdue to themitochondria. In
this case it is the aggregation wiitochondria either to the nuclear membrdghealthy) or
randomly throughout theell (cancerous) that generates a chaimgangleresolved scattered

light distributions This changecorrelates witha reduction irscattered lighirradianceat smallest
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scatteringangles for cancerous cells. Since this is a simulation, it remains to be seen whether the

abundance of noise imaxperimental studyould conceathis signal.

An instrument has beedevelopedto measure the spectral polar angulboth polar and
azimutha), and polarization dependenoé thebackscattexd lightfrom living tissue Kim 2003.
Using this instrumentyu et al. [200d measured the azimuthal light scattering spectra
epithelial cells. They report an asymmetry of the scatter betweamnd0180 in azimuth angle.
This asymmetry does not agren non cancerous epithelial cells, suggestihgt by measuring
the scatteredight distribution in afull angular range a86@ in both polar and azimuthaigles

more cellular morphologynformationcouldbe revealed.
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Chapter 3 Development of flow units and chambers

The development of a diffraction imaging flow cytometer was initiated by building a fluid
handling unit to investigate different flow chamber designs. Two requirements related to imaging
flowing particles necessitate a series of changes away from conventional flow cyteseias.

One is that image acquisition requires a longer time than what is needed using light integrating
detectors, so the particles to be interrogated must move rfawérsThe other requirement is

that one must eliminate or significantly reduce corruption of the scattered light signal caused by
indexmismatched interfacedose to the imaged particle. This chajgegsentshe evolution of

system designs for meetingesse requirements.

83.1 Fluid pump unit
General designconsiderations

To achieve the goal of low flow speed, tubes and chamfeisall diametersnust be used
for fluid transport and consequentlythe ultra lowrate of particle suspensions flogenerate
serious, and frustrating, operating problems. Core flow rate must be in the rangé pi_/<lth
order to achieve a flow speed ofLl@ mm/s with a core diameter of 10 tqu2@ Flow at this rate
means that a leak in the plumbing that drains away cor ¢am take an hour to appear as a
barely visible drop, yet that drop indicates complete failure of the hydrodynamic focusing system.
Keeping all external plumbing surfaces clean and dry is critically important in construction of the

fluid system, allowingeasy spotting of even very small drops, and hence leaks.

Gas bubbles create flow blockages or oscillations and also produce optical noise if they

intercept an optic path. Surface tension forces and adhesion of a bubble to wall are remarkably

42



difficult to overcome by pulsing of the fluid stream, often forcing total disassembly of plumbing.
To reduce formation of gas bubbles, a webigned flow handling unit needs to have
strategically located gas escapes. Also necessary are valves andranjectallow fluid
changeover in the system without draining the tubes, so that once assembled and filled with
water no air enters again. One can also reduce bubble formation by using degassaddiater

usingalcohol to changbubblesurface tensiofCroslandTaylor 1953].

Contaminating particles in the fluids are very harmful to precise control of fluid flow since
they will not only snag in a small diameter orifice such as a focusing nozzle but also adhere to
inner walls of tubes and cause blockdme progressive accumulation. Even without these
contaminating particles a suspension of very high particle density can lead to clumped particles
being imaged instead of single particles as is assumed. Their scattered light signal can preempt
the triggeringpulse height discriminator, which is set for single particle scatter pulses. At the
other extreme some impurities are colloidal in size range, such as bacteria or growth medium
components. These generate a background aura which reduces image congréisidRaurces
and inline filters can eliminate some of these problems although unavoidable broken cells and
released cytoplasm will generate optical noise. Clumping of the sample particles depends upon
surface chemistry and agitation of the sample semeoir. Stirring issues are addressed further

below.

Clogging of tubes or orifices in the fluid handling unit is a common problem. Protocols for
producing clean suspensions of rdamping cells are available but the probability of failure
cannot be redwd to zero. Filters are commonly used but are not perfect, since they must permit
sample particlesd passage. The system shoul d

and cleaning, which is nevertheless always time consuming. Microfluidic flde tbat are
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disposable represent an alternate solution, although their functionality is presently limited. A
possible quick solution is vibration or generation of a reverse or forward pulse of fluid, core or
sheath fluid, to break a clog loose. A disadage is that data acquisition can be disrupted and/or

that weak plumbing can sprout leaks under the high pressure.

Even if the core stream is narrow enough to contain only one particle at a time, the stream
itself can drift about relative to the interrdigg light beam and/or microscope focal plane. When
this occurs the diffraction image pattern changes dramatically, unlike the case of non coherent
imaging in which the image merely blurs and changes size. Thus an optical design that allows
independent adgtment of the focus of interrogating beam and of the microscopic imaging unit
is essential for image acquisition. For these experiments, sheath and core fluids need to be of
very low flow rates, of known and controllable values, and free of pulsatiorsidition the
core fluid, containing suspended particles, must not lose its contents to wall adhesion or orifice

clogging on its way to the optical interrogation point.
Early pump units

Several pumping systems have been designed, built and tested.sTloadir shown in Fig.
3-1, is based on a Bectddickson FACS system developed in the early 1980s. It employs
pressurized nitrogen gas with a 15 psi sheath regulator and a high sensitivity differential
regulator to float core pressure to within a fractiéri @si (7 kPa) below the sheath pressure.
After initial tests it became apparent that the flow speeds were too high for our imaging

acquisition.

Therefore a hybrid system was developed. It uses a pressurized reservoir for sheath fluid and
a single syringepump for the core fluid, as illustrated schematically in Fi®. \ geared

variable spee®C motor with belt final drive ta lead screw givesmooth reproducible volume
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control of sample. An idine syringe stirrer was designed and built and positiaigtie output
(top) of sample syringe (see Fig3). While thisdesign was effectivat was not capable of

measuringandcontrolling the ratio between the sheath and core fluids.

Syringe
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Translation 5
rail

Leacdscrew

Gear oo
reduction %+

Belt
drive i

Servo
motor

Fig. 31 The pressure control unit witl
Psheath h€ld constant by a retator
Reghean. A smaller pressuresRopieis

! . Fig. 3-2 Syringe pump Fig. 33 Mechanical stirrer
applled to the core with shegmbre with servo motodriving a inside the driven syringe (a
difference QP) controlled with @  |gaq screw Drive is  bottom) filed with sphere
precision regulator Reg Flow is  througha rubber beltand  suspension. Small impeller &
stabilized by 200m I.D. fluid  fljywheel for smooth  top of syringe is motorizec

resistors. Obstructions in focusin  motion through Qrings. Sphere
nozzle are dislodged by water peds suspension flows out throug
(Purge). left side channel.

Three channel syringe pump

A threechannel syringe pumpnit was built, as seen in Figs:43 35. Variable speed DC
gear motors drive muHiatio spur gear transmissions which in turn push syringes, using lead
screws and translation shafts equipped with linear ball bearings. Minimum syringe travel speed is

10° mm/s, which yields flow rates, depending upon syringe diameter, froth/§@own to
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4x10° plL/s, a dynamic range of over 90With this system, the lowest flow speed for a core
stream of 5um diameter results in a 0.1 mm/s flow speed ifralOsyringe s used. If a high

gear ratio and large syringe are used it allows high sheath flow rate that is necessary for the
submerged jet flow chamber, to be described in next chapter. The third channel can be used for
possibly pumping a second sheath such as faxkiabjetting into a chamber, or for cascaded

hydrodynamic focusingqummrow2009].

Fig. 35 shows the complete syringe pump unit with the electronics at top. Optical encoders
allow motor speed readout which, with transmission ratio, establishes flow rates. The entire drive
assembly is mounted in a large motor driven yoke, creating a rocking motion intended to prevent
particle settling in the sample syringe. However it was faimad this rocking motion was not

sufficiently vigorous to prevent settling.

Because the rocking motion was ineffective a second approach to keep particles from
sedimentation or clustering was to build a magnetic stirrer drive cositiathe sample syripe
with a magnetic impeller inside syring€his is a complicated device and difficult to cleAnd
in any casehe long tube fronthe syringepumpto the flow chamber would still occasionally
trap particles. This is because a core velocity of 1 to 10seoorresponds to a fluid velocity in
the supply tube (diameter~50®) approaching to the gravitational settling velocity of 25 micron
spheres. The terminal velocity of a sphere settling in a fluid can be estim@Badchelor 1967]

Ap g 4/3
terminal = 677

r 2
u Sphere (3.36)

So a 25um latex sphere drifts downward at 19um/d)pan sphere asum/s, biological cells

should be around half of that spe@@iex= 1.05,pniol = 1.025). Note that most flow cytometers
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employ core fluid flow speeds ranging about 1000 times greater than the above values, so

settling inside the feed tubing is a much less severe issue than ours.
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Fig. 34 Above is schematiof the treechainel
syringe pump. Optical tachometers on high spe
end of gear motors provide measure Q.-
tighto glass chromat oc
on linear bearings and driven by lead screws.

Fig. 35 The treechannel syringe pumgkntire
drive assembly (at bottom) undergoes rocki
motion to keep suspensions from settling anc
tilted up when removing bubbles.

83.2 Flow Chamber Designs
The conventional design of flow chamber in a BD FACS system

The first effort of our cytometer study was performed with a commercial Béitrhkinson
(BD) jet in air nozzle connected to a fluid control unit supplying a 15psi sheath fluid and 0.5psi
differential regulator for the core fluid. The BD nozzle uses a preamsamhined core injection

tube of 500um I.D. and a press 100um jeweled orifice at the end of a ¥ inch long accelerating
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cone tube, as displayed in Fig63 Note thathe nozzle is taperesteeply reducing thediameter
of orifice from 500Qum to 5Qum over a distance of 5mm. Acceleratiohcells at injector tip can

be several thou98&nd gbés [ Van Dill a

Acquiring a finely focused core fluid
with dye in air is straightforward, but a
minimum velocity, I ,is required for a

laminar jet to form in air. fis is because

the rate of energy into the nozzle orificefFig. 36 A BD flow cytometer injector and nozzle witl
80um I.D. sapphire orifice in the apex of the nozABare

of radius a, must be greater than the rafiuid enters the furthest leftube and has a carefull
machined tip on other end. Other two tubes are for sh

fluid and debubbling.
of surface energy necessary to form the

new jet surface(Melamed, 1990). A fluid of density p and relative surface tensian will

therefore require a mimum velocity of

2 1/2
UZZ( 7 J
2a p

For a 100um diameter orifice this corresponds to a velocity of 2.3 m/s., typicalmiany

(3.37)

commercial instruments but 1@mes faster than our requirement of ~2mm/s for imaging. The
laser used was a 0.5mW HeNe laser. In addition to being too fast the cylindrical jet also acts as a
thick lens in air. This lens effect distorts the incideser beam from a Gaussian profile and also
creates a distorted scattered light distribution, a problem for an imaging detector. In an effort to
eliminate scattering of an excitation beam by thdanedir design, a differentlghaped nozzle

orifice has bee reported which uses a square or triangular cross section (Eisert TA&il).
creates a jet stream with optically fadrfaces in air. Aside from the fabrication difficulty, it

could not be used here because of the requirement for higher jet velocities.
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Coax flow cell with circular cross section in Plexiglas and PDMS

Therefore the FACS design of the flow chamber was abandoradanof a chamber which
progressed through several design improvements to reduce particle speed and eliminate optical
scattering noise. As shown in Fig.73a casting block wasade of two mating sides that were
clamped together, filled with elastomeand then opened after 36 hourssitle surface®f
casting blockare glass lined to eate an optical surface in PDMS casting. An 8 mm glass rod
was softened,tapered down to
0.15mmandsuspended withithe
casting block. Removinghe rod
from cured PDMS wwhout
breaking requires a special

technique. As seen at bottom of

Fig. 37 the assembled flow
_ Fig. 37 Components of a casting system (top) built for fabricat

chamberis the clearrectangular of micro fluidic channels in PDMS flow cell (bottom).

bar (with  channel inside)

extending from brass injector assembly at center to brass clamp at left.

The first microchannel flow chamber was fabricated by casting Plexiglas around a drawn
glass rod. The rod was drawn down to 200um diameter and coated with release compound. This
proved unsatisfactory because the release compound generated optical msstorttie channel
wall cast against its surface. Polydimethylsiloxane polymer (PDMS) was then chosen and cast
around 100um diameter stainless steel wire to form a microchannel. This channel was spliced via
a hypodermic tube into a tapered channel made th@awn glass, and sheath and core were then

injected into large end of resulting tapered cavity. It was found that drawn wire has striations
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caused by the die used in its fabrication. These in turn generate unacceptable marks and

distortions inthe microcannel 6 s optical surface.

To cast PDMS it is necessary to remove bubbles entrained by the mixing process in order to
capitalize on its optical properties. Vacuum degassing of the mixed polymer was unsatisfactory

because toluene, amgredient in hardener, would

evaporate along with air, generating lingering bubble
foam. The most efficient way was to use a shallo
casting form, ~22cm, and then bubbles will drift to
surface in less than the 24 hour setting period, leaving
clear, undstorted optical medium. One disadvantage is

that any fingerprint, dirt, soap etc. permanently mars

the surface of PDMS. Fig. 3-8 A flow chamber with a laminar
flow inside its microchannelCore flid is
blue dyed within the sheatbf water

The next flow cell was made by a single castinglycerol solution and whoseindex is
matcted to the channelust around top of
dgjector the cone shapedhannel inner

around a drawn round glass rod which in turn w e
walls (arrow)arebarely visible.

suspended in lcxienx10cm glass castincontainer.

PDMS has very good release properties and forms an optically flat surface against glass. With
special techniques, glass of diameters as small as 100um can be removed from a cast PDMS
block. The BD injector was pressed into the PDMS base ipldo® where the large end of the

glass casting rod had left a cavity, designed to be undersized relative to the injector diameter. A
tight fit was thereby formed around the injector. As a result of the compliance of the PDMS
block, smooth, if unpredictad) curves for the sheath and core acceleration zone were formed

and are faintly visible in Fig.-8.
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Water-glycerol solution as index matching medium

The sample fluid chosen was water withu@bspheres suspended. Sheath fluid was a water
glycerol mixture adjusted to match the refractive index between PDMS and water sample. A 56%
by weight glycerol solution has a nominal refractive indg»Ml.406, viscosityn of 6 mPas,

and densityp of 1.15 gcm®. PDMS refractive

index is listed as n=1.406. A number of
experiments were performed to use the index
matching technique as a means to eliminatg
scatter, reflections, and distortions from the
sheathchannel interface close to the excitation
beam. Fig. 3-9 shows the light scattering Fig. 3-9 Scattering at PDMS interéa by laser
from left. Flow chamberontains index matchincg
occurred at the fluido-channelwall interface. fluid with wall. Sphere diffractioris also visible.
Diameter of the channel 200um Its walls are
) ] visible as vertical lines on right and left sides a
It was found however that indewatching scattering is at these interfaceaser beam is from
right.
could not be perfectly realized. The residu.
index mismatch for the interface of very large curvature coupled with high irradiance of a
focused laser incident beam can still cause considerable scattering noises in the acquired images.
Fig. 310 shows clearly that the PDMS chanskéath interface continues to cause scattered
light even though the matching fluid was progressively steppexligh the refractive index
range of the polymer walls. A step change of 0.1% in glycerol content, in the concentration
vicinity of 56% glycerolwater mixed solution, corresponds to a*Xthange of pand did not

eliminate the scattered light noise. Anatlpossible cause of scattering noise could be due to

particles adhering to the inner surface of the PDMS microchannel. Note that the side scattered
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light signal around 90to the incident laser beam is very weak and any residue index mismatch

can lead taonsiderable scattering noise in the images measured by a CCD camera.

Fig. 3-10 Images of a 200m diameter round®DMS channelfilled with waterglycerol solutions of varying
concentrations. Channel walls are seen as dark lines at very far left anelddgis. Vertical bright lines are %4t
reflections from curved surface of channel. Concentrat{bgsweight)in imagesfrom upper leftto right are
51%, 54%,57%, 60% from lower left to right 63%, 67%, 72 %, 72% w/ 2B sphere. Laser beamiigident
from right. Scatteringis not beeliminatedat anyconcentration.

It has been reported that optical sensing in microfluidic chips made with PDMS material can be
improved by altering the hydrophobic surface property of PDMS for biologicalactiens,

particularly adhesion, inhibit free flovidjllborg 2000}
Sheath fluid density considerationan microchanneled chambers

The initial testing of this flow chamber design was in a horizontal position. At the low flow
rates necessary for imagingetlower fluid density would cause the core fluid to divert from the
expected central position, floating toward the channel sides. If the flow chamber was
repositioned on a vertical axis then the core fluid buoyancy would enhance flow characteristics,
meanng a smooth, laminar flow focusing down to a small core diameter. Furthermore the
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