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Abstract

In this work, a high intensity gradient laser was used to study the threshold ionization energy,
the threshold radiation dose, and the charge (to determine hemoglobin quantitation) of four
different samples of hemoglobin type. The study was conducted using AS, AC, FA or AF, and
FSC hemoglobin types were obtained from MSCC at the MMC. The experiment was performed
for each cell, for a total of 62 cells for Hb AS, Hb FA, and Hb FSC, and 47 cells for Hb AC,
were trapped and ionized by a high intensity infrared laser at 1064 nm. With the laser trap
serving as a radiation source, the cell underwent dielectric breakdown of the membrane. When
this process occurs, the cell becomes highly charged and its dielectric susceptibility changes.
The charge creates an increasing electrostatic force while the changing dielectric susceptibility
diminishes the strength of the trapping force. Consequently, at some instant of time the cell
gets ejected from the trap. The time inside the trap (ionization time) while the cell is being
ionized is used to determine the threshold ionization energy and threshold radiation dose, and
the intensity of radiation and the post ionization trajectory of the cells are used to determine the
the charge for each cell of four different samples of hemoglobin type using NonlinearModelFit in
Mathematica. Laser tapping technique is indeeded promissing for a very precise measurement
of the hemoglobin types present in a blood sample. Knowing the hemodlobin type present in a
blood sample is essential in screening sickle cell diseases and will vastly improve the accuracy of

monitoring a sickle cell anemia patients receiving various types of treatments,
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Chapter 1

Introduction

High performance liquid chromatography (HPLC) is commonly used to determine the relative
percentage of the hemoglobin types present in a blood sample[1]. Hb quantitation in a blood
sample is essential in screening Hb disorder such as SCD and also in monitoring patients
receiving various types of treatments. HPLC techniques employ principles of ion exchange
chromatography and spectrophotometric detection. In this technique a few microliters of blood is
hemolyzed and injected onto a positively charged column of HPLC. At a moderately alkaline pH,
all hemoglobin types carry a variable net negative charge and bind with the positively charged
column. However, the magnitude of the negative charge varies from one type of hemoglobin to
another. Although there are many types of hemoglobin, the most common hemoglobin types
found in blood are F, A, S, and C. In this order Hb F has the weakest and Hb C has the strongest
negative charge. When these different Hb types are injected into the positively charged HPLC
column, the Hb F type will bind weakly and be eluted quickly from the column whereas the Hb
C type will bind more strongly and be retained longer on the column[2 - 4]. The work we present
here is motivated by an interest in further application of a recently introduced new approach
for charge quantitation by single cell ionization. This new approach uses LT techniques to trap
and ionized single cell in order to determine the threshold ionization energy and the resulting
charge. LT techniques have long been used to study the elastic properties of human red blood
cells [4]. However, it has never been used as an alternative techniques for Hb quantitation in

blood sample.



A software program is used to analyze the data collected from the biomedical optics lab
at MTSU. We have used Image Pro. 6.2 software program to measure the mean diameter of
the each cell before the cell is trapped, to determine the ionization time when the cell is in side
the trap, and to measure the trajectory of each cell after the cell is ejected from the trap. In
addition to Image Pro. 6.2 software program we have used graphical and statistical analysis
software, Origin Lab 2015 and Wolfram Mathematica 9 software. We have used graphical
and statistical analysis software, Origin Lab 2015, to plot graphs such as displacement vs time
graphs, the statistical data distribution of the TTE and TRD and the statistical data distribution
of the charge in z number and z number per unit area as a function of the mean diameter and to
carried out statistically valid data reduction for high standard deviation. We have used Wolfram
Mathematica 9 software to determine the charge of each cell and the stiffness of the trapping

force by fitting the theoretical model with the experimental data that we use for this study.



Chapter 2

Background theory

In this chapter we will discuss about the basic concept of optical trapping, working principle
of optical tweezer and its application in biophysics for cell manipulation. This chapter is
organized in sub-topics such as laser trap fundamentals, physical principle of optical tweezers,

force affecting the trapped particles and modeling optical trapping forces.
2.1 Optical Trapping History

In 1871 Maxwell theorized that the momentum of light could exert a pressure on a surface, an
effect that was later called “radiation pressure” [5]. Lebedev, and independently, Nichols and
Hull experimentally demonstrated that light could exert a pressure on an object in 1901 [6, 7].
This pressure was very weak as there was a low photon flux. A large increase in the photon flux
was achieved with the invention of the laser in 1960, and with this increase in photon flux it
was realized that radiation pressure could be used to perform tasks. In 1971 Ashkin et al use
the forces of radiation pressure from laser light to trap a 20pum dielectric particle [8]. Ashkin,
among others, continued working in the field of optically trapping particles and published several
articles regarding atom and colloidal particle trapping [9 - 12]. This work later split into two
categories: laser atom cooling and optical trapping. In 1986 Ashkin et al reported the first use
of a single-beam optical trap to hold particles between 25 nm and 10um in diameter at a fixed
point in water. Shortly after this publication the apparatus that Ashkin used to trap these
particles became known as optical tweezers and the method known as optical trapping [13].
Today optical tweezers are used in a variety of ways. In the biological and medicinal sciences
optical tweezers are often used to separate different cell types, manipulate sub cellular objects

without damaging the cell itself and for medicinal procedures such as invitro fertilisation. Most



commercial optical tweezers are aimed at the biological and medical markets and, as such, the
wavelength of the lasers in many commercial optical tweezers operate in the near infrared to
avoid damaging living cells [14 - 16]. An optical trap or “optical tweezer” is a device which can
apply and measure piconewton sized forces on micron sized dielectric objects under a microscope
using a highly focused light beam. It allows very detailed manipulations and measurements of
several interesting systems in the fields of molecular and cell biology and thus acts as a major
tool in biophysics [17]. Optical tweezers are used to manipulate biological cells such as human

red blood cells [3] to study its elastic properties.
2.2 Laser Trap Fundamentals

The practice of using laser radiation pressure to optically trap small particles has been around
for nearly five decades, beginning with Arthur Ashkin at Bell Labs in 1970 [18]. The trapping
of micro-sized particles (in our case cells) with size (diameter d) larger than the wavelength of
the light, A, (d >> \), can be explained using geometrical optics [19].

Observationally, a dielectric particle in the region of the focused laser beam will be pulled
into the high intensity region. This high intensity region is the laser trap. In the absence of
the trap, the particle displays Brownian motion. Yet, when the laser is turned on again the
particle is again attracted to the region of high intensity and the particle is again trapped. It is
apparent that there is a force attracting the particles to the high intensity region of the laser.
This attraction to the high intensity region can be understood by examining the forces resulting

from the refraction of light.

2.2.1 Force Affecting Trapped Particles

There are two types of forces that affect the trapped particles. Those are the (1) gradient
force and (2) scattering force, which exert themselves on a particle and trap particles in the
path of the laser beam [20]. The gradient force is a result of the electric field gradient present
when a laser beam is focused and photons are aligned. This electric field is strongest at the

narrowest part of a focused beam, the beam waist. The dielectric particles to be studied in the



optical trap become attracted to the electric field gradient of the beam waist. The second force
affecting dielectric particle movement, the scattering force, is due to the change in momentum
experienced by photons traveling in the direction of beam propagation. This force slightly
displaces the trapped particle downstream from its original position at the center of the beam
waist.

As a result of the combination of both the scattering and gradient force, a particle will be
trapped in the optical tweezers apparatus slightly downstream of the laser beam waist [20]. The
lateral displacement from the center of the beam is dependent on the strength of the scattering
force and the stiffness of the optical trap. The optical trap stiffness can be thought of as the
effective spring constant, k, of Hooke’s Law [21]. Trapping only occurs when the gradient force

is stronger than the scattering force.
2.2.2 Modeling Optical Trapping Forces

Predictions on the affect optical forces have on trapped beads are directly dependent on the
diameter of the bead relative to the wavelength of the incident laser. The ray optics model is
sufficient to explain how forces trap and displace bead particles only when the radius of the
particle is much larger than the wavelength of the trapping laser (R >> \) while the radius
of the trapped particle is much smaller than the incident light wavelength (R << \), then the
particle can be treated as an electric dipole and the electric dipole approximation can then be

used to predict force interactions.
The Ray Optics Model

When the diameter of the trapped particle is far greater than the wavelength of the incident
laser, the classic ray optics model of ray refraction can be used to describe the affect scattering
forces have on trapped particles and the resulting gradient forces which withstand the scattering
effects and keep the particle trapped just downstream of the beam center. As seen in Figure
2.1, a ray of light entering as “b” is refracted into the sphere and exits at an angle. The change

of momentum results in a force in the direction of Fj as

. dp
F=—" 2.2.1
7t (2.2.1)
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Figure 2.1: Forces on spherical particle centered in a laser trap with particles size greater than
the laser wavelength. The resulting scattering force propels them in the direction of the beam
[18].

This also occurs for a ray at position “a”, which results in a force in the direction of
F,. It can be argued that all the forces due to rays of light would combine to give Fy.q:, as any
vertical components would cancel due to symmetry. This is the scattering force, or the force
due to the radiant pressure. It is in the direction of the laser beam. It is important to note that
due to Snells Law,

niy sin 01 = N2 sin 92 (2.2.2)

the beam will only be refracted internally if the index of refraction of the surrounding fluid is
less than that of the particle. If the index of refraction of the surrounding fluid is greater than
that of the particle, the particle will be repelled from the point of high intensity [18].
Assuming a Gaussian shaped beam, the maximum intensity exists at the center of the
beam. Any particle that is not centered on this maximum intensity is again subject to net
force due to the change of momentum of the light rays that are being refracted in the particle.
However, unlike before, these forces are not symmetric about the direction of the laser beam.
Figure 2.2 shows that how the force due a ray coming from a higher intensity area, such as “a”
creates a larger force than that of “b”, which would consequently come from a lower intensity
area. It can be seen that in addition of the scattering force there is also a gradient force, F,qq4,

2

due to this imbalance of between rays “a” and “b”. This gradient force pulls the particle towards



the point of highest intensity. Whenever the particle is centered on the point of highest intensity,

the gradient force disappears as “a” and “b” are once again symmetric. It is this gradient force

that traps the particle at the point of greatest intensity of the laser beam [18].
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Figure 2.2: Forces on spherical particle centered in a laser trap with particles size greater than
the laser wavelength. The resulting scattering force propels them in the direction of the beam
and the resulting additional gradient force (exerted on particles not far from the beam axis)
draws them towards the region of highest light intensity [18].

The Electric Dipole Model

Once the radius of the particle to be trapped is sufficiently less than the wavelength of the
incident laser beams, then the electrical dipole model can be used to approximate the photon
and particle interactions. Because the trapped bead is so much smaller than the laser wavelength,
it can be thought of as a point dipole in the photon electromagnetic field.

The force acting on a single point charge placed in a magnetic field is called a Lorentz

force [22] and can be mathematically described through the equation:

x B (2.2.3)

S

F = (pV)E +

where F is the force, E is the electric field, B is the magnetic field and § = qcf is the induced

dipole moment in the trapped particle.



The trapped particle is linear. We can then eliminate the dipole moment from equation
(2.2.1) through the use of the polarizability of the particle to the surrounding medium, «. This
porarizability depends on the medium refractive index, n,, and the relative index of the particle
to the index of the surrounding medium, n., where p = oE. Equation (2.2.1) can be then be
rearranged into the form of:

—

F=ao[(ENV)E B x B] (2.2.4)

ot

Using the identity

(EV)E = %VE2 —Ex (VxE) (2.2.5)
OE 5 9 5 = o OB
And using Maxwell’s equation,
. o -
E=—-——B
V X T
Eq.(2.2.6) can be written as
E — — — — —
%XB:%(EXB)+E><(V><E) (2.2.7)

Upon substititing Eq.(2.2.5) and Eq.(2.2.7) into Eq.(2.2.4) we obtain

S B R
F=o[;VE + o (E x B)] (2.2.8)

The last term on the right-hand side of equation (2.2.8) is the time derivative of the Poynting
vector, which represents the power flux through an electromagnetic field. During the optical
tweezers experiment, the sampling frequencies are much shorter than the frequency of the laser
beam, ~ 104 Hz, and so the power of the laser will be constant [13]. Constant power will lead
to a zero value of the time derivative of the Poynting vector and so this term can be removed
from the equation. The force acting on the electric dipole can then be represented with the
equation:

L1
F = a§VE2 (2.2.9)



Because the E? term in equation (2.2.9) represents the electromagnetic intensity of the photons,
the strongest light forces acting on the particle will be those with the highest intensity. As the
peak photon intensity occurs at the center of the beam waist, the forces acting on the bead to
be studied will draw it to this position. These forces are then of gradient type, as they attract

particles to the center of the beam.



Chapter 3

Experimental Methods

As it was discussed in the introduction, this work is primarily focused on analysis of the data
collected at biomedical optics lab at MTSU. However, we have studied several visual records
that describe how the measurements conducted in this lab to collect such data that is analyzed
in this work. This chapter will discuss the experimental methods use to produced the data

studied.
3.1 Hemoglobin Quantitation and Sample preparation

First the four blood samples were diluted in fetal bovine serum in about a 1:1000 ratio. Each
of these samples was placed in a well slide for trap measurements. Four blood samples drawn
from four individuals in one family were studied in this work. This family consists of the two
parents and their two twin babies. The hemoglobin quantitation of these unidentified individuals
blood sample was carried out at the sickle cell center at Meharry Medical Collage in Nashville,
Tennessee, USA. Hemoglobin types and relative percentages were assessed by HPLC for each of
the four blood samples and the result is given in Table 3.1.

Hb quantitation for the male parent is Hb AS with 42.8% HbS and 52.3% HbA and the
female parent is Hb AC with 41.09% HbC and 55.4% HbA. Since nearly half of the Hb in both
parents are abnormal genetically mutated genes (S and C), these parents carry a SCT. The Hb
quantitation for their infant baby girl is Hb FA with 70.1% HbF and 29.1% HbA and baby boy

is Hb FSC with 82.6% HbA, 7.1% HbS and 7.1% HbC

10
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Blood sample Hb AS Hb AC Hb FSC Hb FA
Sex M F M F
Age 38 years 30 years 75 days 82 days
Draw Date 2016/2/17 | 2016/2/17 | 2016/2/2 | 2016/2/17
Delivery Date 2016/2/18 | 2016/2/18 | 2016/2/4 | 2016/2/18
HPLC measurement date (Y/M/D) | 2016/2/18 | 2016/2/17 | 2016/2/5 | 2016/2/18
Laser trapping date (Y/M/D) 2016/2/21 | 2016/2/25 | 2016/2/20 | 2016/2,/20
Relative percentage of each hemoglobin type

Hb A(%) 53.20 55.41 0.00 29.10
Hb Ay (%) 3.60 3.10 0.20 0.80
Hb C(%) 0.00 41.09 7.10 0.00
Hb F(%) 0.40 0.40 82.60 70.10
Hb S(%) 42.80 0.00 7.10 0.00

Basic statistical parameters describing the of distribution
Average diameter (um) 7.93 7.86 6.51 6.47
Standard deviation 0.64 1.07 0.81 0.66

Table 3.1: Relative percentage of hemoglobin types by HPLC and RBCs size measurements by
Image-Pro Plus 6.2 programming software.

Such Hb quantitation for the infants indicate that the baby girl is normal but the baby

boy has two abnormal genetically mutated genes (S and C), the baby boy carry a SCA.
3.2 Laser Trapping

The design for the complete set-up of the experiment is shown Fig.3.1. The main elements of
this experimental set-up are a high power infrared diode laser (8 watts at 1064 nm), an inverted
microscope equipped with a high numerical aperture, and a computer-controlled digital camera.
The laser was a linearly polarized infrared diode laser source (LS) with a maximum power of 8
watts. The original beam size was 4 mm: this was expanded using a 20 x beam expander (BE).
The beam was then again resized to approximately 2 cm using a pair of two lenses (L1 and L2),
with focal lengths of 20 cm and 5 cm. Four optical mirrors (M1-4) were used to direct the beam
into the dichroic mirror (DM) at the laser port of the inverted microscope (IX 71-Olympus).
The dichroic mirror is angled at 45° such that the reflected light makes an angle normal to the
incident light. The aligned beam would then be reflected into the back of the objective lens

(OL) that has a 100 x magnification and a 1.25 numerical aperture. Two lenses (L3 and L4) are
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positioned such that the laser trap is on the focal plane of the microscope. The microscope is
equipped with a computer controlled piezo-driven stage (PS) and a digital camera (DC) used to
take a live 2D bright-field contrast image of the sample by a 30 mW halogen lamp (HL). Both
the piezo-driven stage and the digital camera are interfaced with a computer (PC). The power of

the laser was controlled by a A/2-wave plate (W) and a polarizer (P). At the location of the trap

Figure 3.1: Laser trap experimental set up: laser source (LS), A/2-wave plate (W), polarizer
(P), dichroic mirror (DM), optical lens (OL), and digital camera (CCD) [4].

there was 15% efficiency with respect to the power measured before the fourth lens, L4. The
power before L4 was measured near the focal point of L3 using a high-power meter calibrated
at 1064 nm wavelength. We then measured power at the trap location, using the same power
meter placed on top of the microscope stage with head covering the tip of the objective lens.
This efficiency was used to keep the power the same at the trap location where for each cell was
trapped and ionized in this study.

The samples prepared in well-slide is then placed on the microscope stage then the gate
for the laser port is opened. Each RBCs of the four blood samples observed while it was being
trapped, ionized, and ejected from the trap when the laser is turned on. At this instant the
digital camera is turned on and captured consecutive images at a rate of 0.12 second per frame.
Selected frames for the four samples of RBCs describing this process are shown in Fig.3.2. The
line colored red in Fig. 3.2. connects positions of the RBC from selected images captured when
the RBCs as it accelerating towards the trap. This part of the trajectory was observed for when

the RBCs positioned off the center of the trap. When an RBC is positioned in line with the
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center of the trap, the cell will instantly shrunken and trapped and the cell becomes ionized
(charged) and begin to get ejected as shown by the two images connected by the green horizontal
line in Fig. 3.2 the cell was staid at the trap until the cell was fully charged. Due to the charge
developed on the cell, it experienced an electrostatic force due to the electric field of the laser
beam. After the cell was fully charged, the electrostatic force due to the electric field of the laser
beam is greater than the gradient force (trapping force), the cell was forced to be ejected from
the trap and the post ionization trajectory of the RBC is shown by the blue line traced along
its positions at different times selected from the images captured while the cell is moving away

from the trap.

Figure 3.2: The snap shots describing the trajectories of a RBC as it moves towards the trap
(red) and as it recedes from the trap after it is charged and ejected from the trap (blue).

We have carried out this procedure for a total of 62 cells for Hb AS, Hb FSC, and Hb

FA and 47 cells for Hb AC .



Chapter 4

Data Analysis and Results

In this chapter we have determined the average volume and the average mass of the four blood
samples using the respective measured average diameter of blood sample cells and the widely
accepted density of red blood cells. In addition to this we have determined the average amplitude
of the electric field (Ep) of the laser beam at the trap location using the power of the laser at
the trap location, the velocity of light in the medium that the cells are suspended in and the
laser beam area (A), which is determined from the beam size. And also we have discussed in
detail about the theoretical model that we develop to determine the charge developed during
ionization and the stiffness (the trapping force constant). The model is based on the trajectory

of the cell after it eject from the trap.

4.1 Preemptive Analysis

Using the software Image Pro, a conversion factor was found for pixels to meters by measuring
silicon beads that had a known diameter. This value was 7.27 x 10~® meters per pixel. Using the
captured images of the cells before they were trapped, the diameter of the cell was measured.
A spherical cell was assumed to determine the volume of each cell. The mass of each cell was
found for four different blood samples by using the widely accepted density of red blood cells
of 1098.8 kg/m? [23]. Using the average volume 2.66 x 10~15m3 calculated using the measured
average diameter of the cells, the average mass of the cells was found to be 2.92 x 107! kg for
AS hemoglobin type, using the average volume 2.55 x 10~ 16m? calculated using the measured
average diameter the cells, the average mass of the cells was found to be 2.80 x 1073 kg for
AC hemoglobin type, using the average volume 1.51 x 10716m3 calculated using the measured

average diameter of the cells, the average mass of the cells was found to be 1.66 x 107! kg

14
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for FSC hemoglobin type and using the average volume 1.46 x 107 '6m3 calculated using the
measured average diameter of the cells, the average mass of the cells was found to be 1.60 x 10~13
kg for FA hemoglobin type.

To find the average amplitude of the electric field, Ey, the Poynting vector of the laser

beam was used in conjunction with the recorded power, P, at the trap location [25]

I
S=—FExB (4.1.1)
Ko

Thus for the power, P, laser beam area, A, and accounting for the time averaging of the sinusoidal
electric field

_P_EB_E

S —
A po o 2vp

The amplitude of the electric field at the trap location can be evaluated by [25]

Eo =1/ 2PZ“° (4.1.2)

where v is the speed of light in the medium that the cells are suspended in. The power of the

trap used was recorded at the location of the trap for each cell. On average the power at the
trapping location was 355.80 mW, 374.55 mW, 361.50 mW and 358.95 mW for Hb AS, Hb AC,
Hb FSC and Hb FA respectively. For v we used the speed of light in water, v = 2.25 x 10%m/s

and vacuum permeability, pg = 47 x 107" Hm ™!

. The beam size is estimated, following the
method by Lian et al. [24], using w = (dy coS(20naz) + 20) tan(maz ), that depends on the size
of the cell (dy), position of the trap (zp) as measured from the tip of the objective lens, and the
maximum angular position of the incident ray with respect to the beam axis (maz). Qmaz 18
determined by the numerical aperture (NA) of the objective lens and the refractive index of the
surrounding medium ( nyater ), such that NA = nygier Sin(Qunaz ). For our trap, NA = 1.25 and
Nyater = 1.33 which gives apq, = 78°. Thus with dy = 7.93um , dy = 7.86um, dy = 6.51um,
and dy = 6.47um and zp = 100pum (the thickness of the cover-slip), the beam size is estimated
to be 436.38um, 436.68um, 442.49um, and 442.67um for AC, AS, FSC, and FA hemoglobin

type respectively.
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4.2 Theoretical Model

4.2.1 Newtonian Mechanics

Due to the electric field of the laser, the cell was subject to an electrostatic force because of the

charge developed due to dielectric breakdown.
Fp=qE (4.2.1)

Where as q is the total charge of the cell and E is the electric field of the laser. During the
course of the dielectric breakdown, the cell was building up a greater and greater charge, such
that q is a function of time. Consequently, the electrostatic force on the cell is growing stronger
and stronger. When the electrostatic force is greater than the intensity gradient trapping force
of the laser trap, the cell will be pushed out or ejected from the laser trap. At this point the
charge on the cell is constant.

For the theoretical model, we consider three forces acting on the cell with mass m ejected
from the trap at a distance r from the center of the trap, at a given time t. These forces were
the electrostatic force, F'g, the drag force, Fp, and trapping force of the laser which is related
to the gradient of the electric field, Fr. The electrical force and the trap force depend on the
electric field strength at the position of the cell » measured from the center of the trap. Since the
laser beam is Gaussian, which is a beam of electromagnetic radiation whose transverse electric
field distribution is described by Gaussian function. Thus the Gaussian beam of the electric

field amplitude at distance r is given by

2
E(r) = Ey exp(—w—g) (4.2.2)

As we know, a charge, q, moving with the velocity, ¢, in an electromagnetic field, containing

both an electric, E, and magnetic, B , fields, experiences a force
F=Fp+ Fy =q(E+7xB) (4.2.3)

Where F_:E is the electrical force due to electric field and F}I is the magnetic force due to magnetic

field.
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The electromagnetic force that depend on the charge developed on the ejected cell is
directly proportional to the electric field only. Because of the velocity of the moving charge

parallel to the magnetic field (7 x B = 0) . Using Eq.(4.2.2) which is written as

2
r

Fg = qFyexp(——) (4.2.4)

“o

The drag force due to the viscosity of the medium is equivalent to
dr

Fp=—-p— 4.2.5
D=-P (4.2.5)

Where Stokes law was used to describe the drag coefficient, such that § = 67uR, as the cells
were assumed to be spherical with radius R in a fluid with viscosity pu. The viscosity of the
growth media RPMI-1640 was approximated to be on the same order of water, which at room
temperature is 1.0 x 1073 Ns/m? .

The trapping force is proportional to the gradient of the electric field in Eq. (4.2.2) squared and

it can be found using the Lorentz force, assuming an electric dipole approximation for the cell.
1 , 1 2. s
Fr = §0¢V(E(7“)) = §aV(E0 exp(—ﬁ)) (4.2.6)
0

Using Newton’s second law, the net forces acting on the cell just after it ejected from the trap
can be written as

md = F + Fp + Fr (4.2.7)
Upon substituting Eq.(4.2.4), Eq.(4.2.5), and Eq.(4.2.6) into Eq.(4.2.7), we obtain

d?r(t)
dt?

r?(t)
@

dr(t)
dt

2
m = qFEpexp(— )— 0 + %aV(EO exp(—(’d(j)))2 (4.2.8)

0

Where « is a constant that depends on the relative dielectric susceptibility of the ionized cell
with respect to the medium, the refractive index of the surrounding, the refractive index of
the cell and also its size. It is important to note that the electrical susceptibility that the cell
has during the post ionization period should be significantly lower than its natural electrical
susceptibility. This should be expected because while the cell was in the trap, it was undergoing
dielectric breakdown and continually developed charge due to the incident radiation from the

trap.
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In order to solve the differential equation in Eq.(4.2.8), we had to make physically reasonable
approximation. We assumed the electrical force does not vary significantly over the range of the

distance r in which we measured and analyzed. We can write Eq.(4.2.4) as

Fp = qEy (4.2.9)

Similarly, over this range of distance, the trapping force is approximated like a spring force. The
approximation for the trapping force was made by making a series expansion for the electric

field and keeping terms up to the first in r. We can write Eq.(4.2.6) as

Fr = —kr(t) (4.2.10)

Upon substituting Eq.(4.2.9) and Eq.(4.2.10) into Eq.(4.2.8), we obtain

d?r(t dr(t
SR LN LD
d?r(t dr(t
m d;g) + 3 Cl(t) + kr(t) = qEo (4.2.11)

The right hand side of Eq.(4.2.11) represents the electrostatic force due to the charge, q,
developed on cell due to the ionization by the radiation at the instant it got ejected from the
trap. The second term represents the damping force due to the viscosity of the fluid in which
the cell is suspended. The third term represents the trapping force that constantly keeps trying
to suck the cell back to the center of the trap. The constant k is the trapping force constant
that depends on the magnitude of the induced polarization in the ionized ejected cell. It also
depends on the dielectric susceptibility of the ionized cell and the amplitude of the electric field
of the trap. This constant varies from one cell to another. It is important to note that even
though each cell carries a net charge due to the ionization by the radiation while it was trapped,
it also has a smaller induced electrical polarization as it recedes away from the center of the
trap. This induced polarization is primarily due the electric field of the laser trap, which could
be amplified or diminished by the net charge developed on each cell. It could also vary from one
cell to another depending on the size of the cells.

Equation (4.2.11) is an equation for a damped harmonic oscillator of mass m and charge q driven

by a uniform electric field Fy. Using initial conditions just before the cell is ejected from the
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trap, it is considered to be at rest at the center of the trap. The solution was found to be [25]

(= eosh (VI 2hm sinn(VE (421

2m 2m

p
\/B?% — 4km

This is an equation governing the displacement of the cells as measured from the center of

E
r(t) = Toq[l —ex

£)+

the laser trap based on the forces acting upon them. The numerical model fitting function
NonlinearModelFit in Mathematica was used to fit this model of displacement versus time data
for each cell, where the mass, m, drag coefficient, 3, and electric field, Ey, are known for each
cell. Equation (4.2.11) is an equation of an electrically driven damped harmonic oscillator. Our
experimental data indicated that each cell, after being driven out of the trap, quickly loses its
momentum as it recedes away from the center of the trap. Thus the motion of the cell must be
an over damped electrically driven harmonic oscillator. This requires the solution in Eq. (4.2.12)
must remain hyperbolic and should not become trigonometric. A trigonometric solution would
predict under damped oscillatory motion for the cells that is contrary to the evidence provided
by our experimental data. Consequently, we must choose 32 > 4km. Physically, this means that
after the cell is ionized and ejected from the trap, the force due to the induced polarization of
the cell that was constantly trying to suck cell back to the trap must be smaller than the drag
force. This could certainly prove that, while the cell was in the trap, it had gone through an
irreparable dielectric breakdown due to the high dose of radiation it absorbed that most likely
lead to its death [25].

The maximum value of k for each cell was found by solving for k from 82 — 4km = 0
using the average mass and drag coefficient of each cell. Using the NonlinearModelFit function
started looking for k at several orders of magnitude below the maximum value. Which is shown

in the table below.
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Blood sample Hb AS Hb AC Hb FSC Hb FA

Sex M F M F

Age 38 years 30 years 75 days 82 days
maximum value of k (N/m) | 0.005 0.005 0.0097 0.0095
Standard deviation 0.00067 0.0004 0.004 0.003
Average value of k (N/m) [ 3.17x 1077 | 3.19 x 107" [ 3.42 x 10~7 | 2.91 x 10~
Standard deviation 1.05x 1077 [ 1.05 x 10~7 [ 1.11 x 1077 | 9.03 x 1078

Table 4.1: The statistical analysis of trapping coefficient (trapping stiffness) for the four RBCs
samples.

There were slight variances in the trapping coefficient k for each cell. As previously
stated, k is proportional to the cells polarization that is significantly diminished by the damage
due to the absorbed radiation while the cell was in the trap. This weak remnant polarization
also depends on the cell size and the polarizing electric field. The effect of the electric field
diminishes as the cells receding from the center of the trap due to the Gaussian nature and the

reduced beam waist of the laser beam by the microscope objective lens.



Chapter 5

Results and Conclusion

5.1 Experimental Results

The study of our experimental results are presented and discussed in this section. We will focus
on the individual and average relevant physical properties during ionization and after the cell
eject from the trap for the 62 RBCs for AS, FA, and FCS and 47 RBCs for AC studied from in
the blood sample.

The results of the experiment are depicted in Fig. 5.1, which shows the displacement of

the four blood samples cell from the center of the laser trap as a function of time.
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[.Displacement for all ejected 62 Hb AS cells as measured from the center of the trap as a
function of time.
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III.Displacement for all ejected 62 Hb FSC cells as measured from the center of the trap as a
function of time.
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IV.Displacement for all ejected 62 Hb FA cells as measured from the center of the trap as a
function of time.

Figure 5.1: The displacement of the four blood samples ejected cells as measured from the center
of the trap as a function of time.

The function found the unknown constants of the charge on the cell, q, and the trapping
coefficient, k, within a confidence interval of 0.99. The determination of agreeance values, R?,
are extremely high for all cells of the four blood samples, with the lowest value being 0.992,
0.995, 0.992. 0.993 for Hb AS, Hb AC, Hb FSC and Hb FA respectively. The mean R? values
are 0.997 for four blood samples. Thus, theoretical model had extremely high agreeance with
the experimental data.

For illustration purpose, the fitting of the solution described by Eq. (4.2.12) (described
by the block solid lines) to the experimental data (symblols colored) for four cells of the four
blood samples are displayed in Fig. 5.1 (I - IV). The curves fitted to the experimental data of
these four cells of the four blood samples had R? values of: a = 0.998, b = 0.999, ¢ = 0.999,
and d = 0.999 for Hb AS, a = 0.999, b = 0.999, ¢ = 0.998, and d = 0.999 for Hb AC, a = 0.998,
b = 0.999, ¢ = 0.999, and d = 0.999 for Hb FSC and a = 0.999, b = 0.999, ¢ = 0.998, and d =

0.999 for Hb FA which indeed shows extremely high agreeance values.
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The threshold ionization energy (TIE), the threshold radiation dose (TRD), and the
relation of TIE and also TRD to the sizes of the cells were studied. The TIE is the minimum
energy incident on the cell during the instant the it got trapped to the instant it got ejected. It
was determined from the measured incident power at the trap location (Pr = P % 0.15), where
P is the power of the laser, which was the same for all cells of the given sample but different
for the four blood samples and using the ionization period for each cells (T¢), TIE = Pp+T¢).
Commonly, the TRD required to ionize and kill a cell is measured by the amount of energy
absorbed by the cell per unit mass. The mass is proportional to the volume which depends on
the diameters of the RBCs, if we use the closest spherical model for a RBC. Since the accurate
thickness of each cells can not be determined from the two-dimensional images captured, the
TRD were studied in using the area (A¢) instead of mass (m¢). Thus, the TRD were calculated
using the TRD = TIE/Ac in units of m.J/um? for each cells. The relation of the TIE and
TRD to the size of the cell were also studied using the measured diameter of the cells prior to
trapping.

The results for the diameter, the TIE, and TRD for all four blood samples RBCs studied
are displayed using color coded double axes histogram in Fig. 5.2 - 5.5 of (a). In Fig 5.2 - 5.5
of (a), both the right and left vertical axes represent the number of cells but in the horizontal
axes, while the top axis (colored green) represent the diameters, the bottom axis represent both
the TIE (labeled in blue) and the TRD (labeled in red). The basic statistical parameters to
the histograms for diameter (green), TIE (blue), and TRD (red) are shown in Fig. 5.2 - 5.5
of (a) along with the Hb quantitation of four blood samples. The value of the basic statistical
parameters such as diameter of the RBCs, TIE and TRD are shown in table 5.1. The TIE and
the TRD as a function of the diameter for all four blood samples RBCs are displayed in Fig. 5.2
- 5.5 of (b) using double vertical axes following the same colour codding (TRD in red and TIE
in blue). The reduced data for threshold ionization energy (blue), and the threshold radiation
dose (threshold ionization energy per unit area ) (red) for the four blood samples RBCs are

displayed in Fig. 5.2 - 5.5 of (c).
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Figure 5.2: The size distribution of the graph shows that statistical distribution of the TIE,
TRD, and the measured mean diameter of the RBCs as : (a) the statistical distribution of the
mean diameter of the Hb AS blood sample (green), the threshold ionization energy of the Hb
AS blood sample (blue), and the threshold radiation dose of the Hb AS blood sample (red),
(b) the statistical distribution shows that the threshold ionization energy of the Hb AS blood
sample (blue), and the threshold radiation dose of the Hb AS blood sample (red) as a function
of the measure mean diameter for a total of 62 cells, and (c) the statistical distribution shows
that the reduced data for threshold ionization energy of the Hb AS blood sample (blue), and
the threshold radiation dose (the threshold ionization energy per unit area ) of the Hb AS blood
sample (red) as a function of the measure mean diameter for a total 50 cells.



N (®))
PR EE N BET ST ET AN R UTNT A A

N

S

(o)}

BN

TIE/ Area (mJ / um’)

N

S

e ]

IIII.¢IIII.¢IIII.¢II

P

2 4

TIE (*10J)

A

e

8

10

12

14

16

TIE / Area (mJ / ym’)

N w

w TIE ()

S o

©
N

©
-

oS
o

5 % 8 & &
# of Cells

S

26

Figure 5.3: The size distribution of the graph shows that statistical distribution of the TIE,
TRD, and the measured mean diameter of the RBCs as : (a) the statistical distribution of the
mean diameter of the Hb AC blood sample (green), the threshold ionization energy of the Hb
AC blood sample (blue), and the threshold radiation dose of the Hb AC blood sample (red),
(b) the statistical distribution shows that the threshold ionization energy of the Hb AC blood
sample (blue), and the threshold radiation dose of the Hb AC blood sample (red) as a function
of the measure mean diameter for a total of 47 cells, and (c) the statistical distribution shows
that the reduced data for threshold ionization energy of the Hb AC blood sample (blue), and
the threshold radiation dose (the threshold ionization energy per unit area ) of the Hb AC blood
sample (red) as a function of the measure mean diameter for a total 35 cells.
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Figure 5.4: The size distribution of the graph shows that statistical distribution of the TIE,
TRD, and the measured mean diameter of the RBCs as : (a) the statistical distribution of the
mean diameter of the Hb FSC blood sample (green), the threshold ionization energy of the Hb
FSC blood sample (blue), and the threshold radiation dose of the Hb FSC blood sample (red),
(b) the statistical distribution shows that the threshold ionization energy of the Hb FSC blood
sample (blue), and the threshold radiation dose of the Hb FSC blood sample (red) as a function
of the measure mean diameter for a total of 62 cells, and (c) the statistical distribution shows
that the reduced data for threshold ionization energy of the Hb FSC blood sample (blue), and
the threshold radiation dose (the threshold ionization energy per unit area ) of the Hb FSC
blood sample (red) as a function of the measure mean diameter for a total 52 cells.
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Figure 5.5: The size distribution of the graph shows that statistical distribution of the TIE,
TRD, and the measured mean diameter of the RBCs as : (a) the statistical distribution of the
mean diameter of the Hb FA blood sample (green), the threshold ionization energy of the Hb
FA blood sample (blue), and the threshold radiation dose of the Hb FA blood sample (red),
(b) the statistical distribution shows that the threshold ionization energy of the Hb FA blood
sample (blue), and the threshold radiation dose of the Hb FA blood sample (red) as a function
of the measure mean diameter for a total of 62 cells, and (c) the statistical distribution shows
that the reduced data for threshold ionization energy of the Hb FA blood sample (blue), and
the threshold radiation dose (the threshold ionization energy per unit area ) of the Hb FA blood
sample (red) as a function of the measure mean diameter for a total 52 cells.
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For detialed information about the statistical parameters for the four blood samples

shown in table 5.1 below.

Basic statistical parameters describing the size distribution

Blood Sample | No of cells | Quantities Minimum Maximum | Mean Std.Dev
Hb AS 62 Diameter (um) | 5.70 9.53 7.93 0.64

TIE (mJ) 42.48 1750.54 896.97 446.31

TRD (mJ/um?) | 0.76 38.22 18.14 8.85

Charge (nC) 218 x 1077 | 8.70 x 1077 | 4.72 x 1077 | 1.59 x 1077
Hb AC 47 Diameter (um) | 6.19 10.00 7.86 1.07

TIE (mJ) 41.77 627.67 103.89 94.46

TRD (mJ/um?) | 0.57 15.31 2.27 3.31

Charge (nC) 2.65x 1077 | 9.75x 1077 | 534 x 1077 | 1.76 x 1077
Hb FSC 62 Diameter (um) | 4.90 8.90 6.51 0.81

TIE (mJ) 41.57 291.01 92.69 45.96

TRD (mJ/pum?) | 0.82 7.31 2.84 1.38

Charge (nC) 214 x 1077 [ 9.03 x 1077 | 4.81 x 1077 | 1.40 x 1077
Hb FA 62 Diameter (um) | 5.00 8.49 6.47 0.66

TIE (mJ) 41.84 225.40 83.22 41.02

TRD (mJ/pum?) | 0.92 11.46 2.61 1.58

Charge (nC) 1.97x 1077 | 7.34 x 1077 | 3.94 x 1077 | 1.26 x 10~ 7

Table 5.1: The values for the basic statistical parameters for the diameter, TIE, TRD, and
Charge for four RBCs samples.

As previously mentioned, the NonlinearModelFit function was used to find the unknown
constants of the trapping coefficient and the charge developed on each cell. Fig. 5.6 - 5.9 of
(a) is a histogram of the amount of charge developed on each of the 62 ionized cells for Hb AS,
Hb FSC and Hb FA, and 47 ionized cells foe Hb AC. It is customary to express the magnitude
of charge in ionized microscopic compounds or charged molecules, such as Hb, in units of the
magnitude of the charge of an electron (e = 1.602 x 107! C) known as the Z number [26].
Following this approach, the charge is expressed in units of e (the Z number) in the figure below.
The distribution of the charge in Fig. 5.6 - 5.9 of (a) shows that the charge developed varies
from 2.18 x 10716 C to 8.70 x 1071¢ C with an average of 4.72+1.59 x 10716 C, from 2.65 x 10716
C t0 9.75 x 10716 C with an average of 5.34+1.76 x 10716 C, from 2.14 x 10716 C to0 9.03 x 10~ 16
C with an average of 4.81 + 1.40 x 107!6 C and from 1.97 x 10716 C to 7.34 x 1076 C with
an average of 3.94 + 1.26 x 10716 C for Hb AS, Hb AC, Hb FSC, and Hb FA respectively. The

big standard deviation in the charge could be due to the variation in the size of the cells. As
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we have discussed earlier, the sizes of the cells were taken into account when we determined the
amplitude of the electric field of the beam acting on each cell. The size of the cells studied ranges
from a 5.70um to 9.53um with an average diameter of 7.93 4+ 0.64um, a 6.19um to 10.00um
with an average diameter of 7.86 + 1.07um, a 4.90um to 8.90um with an average diameter of
6.51 £ 0.81um and a 5.00um to 8.49um with an average diameter of 6.47 + 0.66pum for Hb AS,
Hb AC, Hb FSC, and Hb FA respectively.

The results for the diameter, the charge (in z number), and charge per unit area (z
number /area) for all four blood samples RBCs studied are displayed using color coded double
axes Histogram in Fig. 5.6 - 5.9 of (a). In Fig 5.6 - 5.9 of (a), both the right and left vertical
axes represent the number of cells but in the horizontal axes, while the top axis (colored green)
represent the diameters, the bottom axis represent both the charge (in z number) (labeled in
blue) and the charge per unit area (z number/area) (labeled in red). The basic statistical
parameters to the Histograms for diameter (green), charge (in z number) (blue), and charge per
unit area (z number/area) (red) are shown in Fig. 5.6 - 5.9 of (a) along with the hemoglobin
(Hb) quantitation of four blood samples. The value of the basic statistical parameters such
as diameter of the RBCs, charge (in z number) and charge per unit area (z number/area) are
shown in table 5.1. The charge (in z number) and the charge per unit area (z number/area) as
a function of the diameter for all four blood sample RBCs are displayed in Fig. 5.6 - 5.9 of (b)
using double vertical axes following the same color codding charge per unit area (z number/area)
in red and charge (in z number) in blue). The reduced data for charge (in z number) (blue),
and charge per unit area (z number/area) (red) for the four blood samples RBCs are displayed

in Fig. 5.6 - 5.9 of (c).
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Figure 5.6: The size distribution of the graph shows that statistical distribution of the charge,
charge per unit area, and the measured mean diameter of the RBCs as : (a) the statistical
distribution of the mean diameter of the Hb AS blood sample (green), the charge of the Hb AS
blood sample (blue), and the charge per unit area of the Hb AS blood sample (red), (b) the
statistical distribution shows that the charge of the Hb AS blood sample (blue), and the charge
per unit area of the Hb AS blood sample (red) as a function of the measure mean diameter for
a total of 62 cells, and (c) the statistical distribution shows that the reduced data for charge of
the Hb AS blood sample (blue), and the charge per unit area of the Hb AS blood sample (red)
as a function of the measure mean diameter for a total 52 cells.
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Figure 5.7: The size distribution of the graph shows that statistical distribution of the charge,
charge per unit area, and the measured mean diameter of the RBCs as : (a) the statistical
distribution of the mean diameter of the Hb AC blood sample (green), the charge of the Hb AC
blood sample (blue), and the charge per unit area of the Hb AC blood sample (red), (b) the
statistical distribution shows that the charge of the Hb AC blood sample (blue), and the charge
per unit area of the Hb AC blood sample (red) as a function of the measure mean diameter for
a total of 47 cells, and (c) the statistical distribution shows that the reduced data for charge of
the Hb AC blood sample (blue), and the charge per unit area of the Hb AS blood sample (red)
as a function of the measure mean diameter for a total 35 cells.



33

——— - 60
| | | | | | [
40 3 c)f
():—50
30 40
204 30
® E C S
O ] F 20T
< 10 - 20 %
N h C .
E I _6@8
403 :
S 50 5
> ] F <
N30-: E 40N
204 30
: 20
70—_ o
i - 10
Mean Diameter (um)
llll lllllllllllllllll
20 5 6 7 8 (a)"-zo
0154 NS 15 <
o [ :
O ] \ S
5710 - 10 S
- S
#* ] [
5- -5
0 SR [0
10 20 30 40

Z Number (X107 Z Number /Area

Figure 5.8: The size distribution of the graph shows that statistical distribution of the charge,
charge per unit area, and the measured mean diameter of the RBCs as : (a) the statistical
distribution of the mean diameter of the Hb FSC blood sample (green), the charge of the Hb
FSC blood sample (blue), and the charge per unit area of the Hb FSC blood sample (red),
(b) the statistical distribution shows that the charge of the Hb FSC blood sample (blue), and
the charge per unit area of the Hb FSC blood sample (red) as a function of the measure mean
diameter for a total of 62 cells, and (c) the statistical distribution shows that the reduced data
for charge of the Hb FSC blood sample (blue), and the charge per unit area of the Hb FSC
blood sample (red) as a function of the measure mean diameter for a total 52 cells.
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Figure 5.9: The size distribution of the graph shows that statistical distribution of the charge,
charge per unit area, and the measured mean diameter of the RBCs as : (a) the statistical
distribution of the mean diameter of the Hb FA blood sample (green), the charge of the Hb FA
blood sample (blue), and the charge per unit area of the Hb FA blood sample (red), (b) the
statistical distribution shows that the charge of the Hb FA blood sample (blue), and the charge
per unit area of the Hb FA blood sample (red) as a function of the measure mean diameter for
a total of 62 cells, and (c) the statistical distribution shows that the reduced data for charge of
the Hb FA blood sample (blue), and the charge per unit area of the Hb FA blood sample (red)
as a function of the measure mean diameter for a total 50 cells.
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We have made carried out a statistically valid data reduction that would reduce the high
standard deviations using graphical data analysis software, Origin Pro. 9.1. The results for the
reduced data for TIE (blue) and TRD (red) are shown in Fig. 5.10 (a) and (b) respectively. In
each cases the results were obtained following the same procedure. In the the first reduction,
for both TIE and TRD, were made using the statistical distribution for the size measurement
displayed in Fig. 5.2 - 5.5 of (a) by the green histogram. The values in first three bins (three
cells with the minimum diameter) and in the last bin (three cells with maximum diameter) were
eliminated from the data. In the second data reduction three cells with maximum and three cells
with minimum values were eliminated for both TIE and TRD. The reduced data that consisted
of a total of 50 cells were sorted out in increasing order by its diameter for Hb AS, Hb FSC,
and Hb FA and 35 cells for Hb AC. The analyses is based on grouping the sorted data with
increment of the bin width of the histogram for the diameter in Fig. 5.2 - 5.5 of (a). Then
for each group the average values for the diameters and the corresponding TIE and TRD were
calculated. These values are displayed by the blue (TIE) and red (TRD) data points in Fig.
5.10(I) (a) and (b). The corresponding best-fit line to these data points of the TRD is slightly
decrease with an increase in the size of the cells, but TIE is an increase with increase in the
size of the cells. Following the same procedure we have made carried out statistically valid data
reduction for the charge developed (in z number) and charge per unit area are shown in Fig.5.6
- 5.9 of (a). Then for each group the average values for the diameters and the corresponding
charge developed and charge per unit area were calculated. These values are displayed by the
blue (charge developed) and red (charge per unit area) data points in Fig. 5.10(1I) of (a) and (b).
The corresponding best-fit line to these data points of the charge per unit area is independent
of the size of the cells, but for charge it predicts slightly increase with increase in the size of the

cells.
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Figure 5.10: The reduced statistical parameters of the TIE, TRD, charge and charge per unit
area as a function of diameter of the cells of the four blood samples.
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5.2 Conclusion

In this study we determined the hemoglobin quantitation, the TIE, the TRD and the charge of
RBCs from four different hemoglobin types in blood samples. These blood samples are obtained
from identified individuals of Hb AS, Hb AC, Hb FSC, and Hb FA. The charge to ionization
energy was found as well as the ionization energy per unit mass for four samples of RBCs.
This was done by creating a theoretical model based on Newtonian mechanics. The net force
acting upon the cell as it was ejected from the trap was used to find the equation of motion for
the cell. These forces included the electrostatic force due to the charge developed on the cell
from the electric field of the laser beam, the trapping force due to the gradient of the electric
field squared, and the drag force due to the viscosity of the medium through which the cell
traveled. This resultant differential equation was solved after linearizing the terms using a series
expansion. The solution gave an accurate model of the displacement of the cell as it was ejected
from the laser trap. Parameters, such as the mass, electric field at the trap location, and the
drag coefficient, were known for each cell of the four hemoglobin type in the blood samples.
Thus, theoretical model was evaluated for each of the 62 cells for Hb AS, Hb FSC and Hb FA,
and 47 cells for Hb AC using its specific mass, drag coefficient, and electric field. The charge
developed was found specifically for each cell of the four blood samples by using a numerical
nonlinear model fitting function. Which was found to be 4.72+1.59x 10716 C, 5.34+1.76 x 10716
C, 4.81 £1.40 x 10716 C and 3.94 + 1.26 x 10716 C for Hb AS, Hb AC, Hb FSC, and Hb FA
respectively. The charge per unit area is independent of the size of the cells, but for charge it
predicts slightly increase with increase in the size of the cells.

Overall, though laser trap has been used as a tool in the field of biophysics, never before
has the technique been used to study the hemoglobin quantitation of RBCs in this way. The
ultimate objective of this study was to find a way to understand the hemoglobin quantitation
of a red blood cell and perhaps more importantly, to see a laser trap could effectively and
accurately be used for this. This study demonstrated that LT technique used to determine the
hemoglobin types present in a blood sample, is indeed promising. Hemoglobin quantitation in

a blood sample is essential in SCD and also in monitoring patients receiving various types of



treatments.
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