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Abstract

This thesis demonstrate the application of a label-free, non-invasive biophysical method
based on angle-resolved light scattering calculations to characterize different biological
samples; virus particles, chromatin fiber, and hierarchical chiral polymers.

Chapter 1 provides an introduction on the foundation of electromagnetic theory, light
scattering phenomenon, Mueller scattering matrix and its applications to characterize various
samples based on numerical simulations and experimental measurements. A numerical
method to calculate light scattering quantities, discrete dipole approximation (DDA) method
is discussed. In this thesis we have performed the electromagnetic scattering calculations
using the DDA method implemented as ADDA code.

Chapter 2 demonstrates the angle-resolved circularly polarized light scattering calcu-
lations to characterize virus model particles. A coronavirus particle is modeled as having
a spherical shaped envelope with cylindrical spikes projected from the envelope surface,
and the single-stranded RNA genome polymer has been mimicked with a toroidal helix.
The influence of genome polymer packaged as a standard helix in the virion core is also
demonstrated. We investigated four different electromagnetic models: (i) a nucleated sphere
with spikes that is a coronavirus particle, (ii) a nucleated sphere with no spikes, (iii) a
homogeneous sphere, and (iv) a respiratory fluid containing a virus particle. The angular
pattern of scattered circularly polarized light, the circular intensity differential scattering of
light (CIDS), served as a particle’s signature. This scattering signature is found sensitive
to the chiral parameters that reveal information about the particles. The effect of changes
in the RNA polymer, changes in its packaging, number of turns, handedness, and size are
demonstrated on the scattering calculations. Additionally, the extinction efficiency, the
depolarization ratio, the total scattered intensity, and the effect of changes in the wavelength
of incident light on these scattering quantities are investigated. This biophysical method can
offer a label-free identification of virus particles and can help understand their interaction
with light.



iii

Chapter 3 focus on the the characterization of chromatin organization. Understanding
the structural organization of chromatin is essential to comprehend the gene functions. The
chromatin organization changes in the cell cycle, and it conforms to various compaction
levels. We investigated a chromatin solenoid model with nucleosomes shaped as cylindrical
units arranged in a helical array. The solenoid with spherical-shaped nucleosomes was
also modeled. The changes in chiral structural parameters of solenoid induced different
compaction levels of chromatin fiber. We calculated the angle-resolved scattering of circularly
polarized light to probe the changes in the organization of chromatin fiber in response to the
changes in its chiral parameters. The electromagnetic scattering calculations were performed
using discrete dipole approximation (DDA). In the chromatin structure, nucleosomes have
internal interactions that affect chromatin compaction. The merit of performing computations
with DDA is that it takes into account the internal interactions. We demonstrated sensitivity
of the scattering signal’s angular behavior to the changes in these chiral parameters: pitch,
radius, the handedness of solenoid, number of solenoid turns, the orientation of solenoid,
the orientation of nucleosomes, number of nucleosomes, and shape of nucleosomes. These
scattering calculations can potentially benefit applying a label-free polarized-light-based
approach to characterize chromatin DNA and chiral polymers at the nanoscale level.

Chapter 4 demonstrates the differential scattering of circularly polarized light to char-
acterize the macromolecular structures consisting of hierarchical chirality. We modeled
the B-DNA structure composed of a double-helix and a base-pairs helical structure. The
angle-resolved scattering of circularly polarized light calculated for the B-DNA shows the
additive behavior of the scattering signal contributed from the two individual chirality levels
of B-DNA structure, a double-helix and a base-pairs helix. This additive behavior of angle-
resolved scattering signal has also been demonstrated for other macromolecular structures
comprising different chirality levels; a biological cell is also mimicked as a nucleated sphere,
a sphere with a helical nucleus in its core. The individual chiral features of a structure add up
to the angle-resolved scattering signal of circularly polarized light produced by the parent
structure. These electromagnetic wave scattering calculations can offer a label-free approach
to characterize chiral macromolecular structures with hierarchical chirality.
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Chapter 1

Light-matter interaction

The Maxwell’s equations with a set of auxiliary relations complete the foundation of clas-
sical electromagnetic theory governing all the electromagnetic phenomenon in a range of
frequencies and sizes. First, in this chapter, we have discussed Maxwell’s equations and the
auxiliary field relations.

Next, we focused on the light scattering phenomenon. When light interacts with an object,
an energy is removed from the incident light by scattering from the object; measuring the
scattered light we can know the properties of scattering object.

Next, we have discussed Mueller matrix and its applications to characterize various
samples. Motivation was: the maximum information about a scattering object can be
obtained using polarized light as the incident field; the interaction of polarized light with an
object can be measured by calculating the Mueller scattering matrix.

In the end of this chapter, we discussed the discrete dipole approximation (DDA) method.
The light scattering theories, Rayleigh and Mie, provide a very important tool to characterize
particles by calculating light scattering spectra. However, Rayleigh theory is restricted to
particles much smaller than the wavelength of incident light; Mie theory is restricted to
particles larger in size than the wavelength, and it is applicable to spherical, homogeneous,
isotropic and non-magnetic particles. However, in a wide range of problems we encounter
particles that are not spherical and homogeneous; other scattering methods are required
to solve scattering by arbitrary shaped particles and also at wide range of sizes. We have
employed discrete dipole approximation (DDA) method to solve scattering problems.
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1.1 Electromagnetic theory of light

1.1.1 Maxwell’s equations

James Maxwell formulated the classical theory of electromagnetic radiation. He reported a set
of equations bringing together the electric field, magnetic field, and light as manifestation of
same phenomenon [1]. In 1865, he published this set of equations in his paper "A Dynamical
Theory of the Electromagnetic Field" in The Royal Society; and demonstrated that electric
and magnetic fields travel through the free-space as waves moving at the speed of light. The
unification of light and electrical phenomena led to the prediction of the existence of radio
waves. Maxwell discoveries helped usher in the era of modern physics, laying the foundation
for fields such as special relativity and quantum mechanics.

The Maxwell’s equations in the differential form relating the time and space rate of
change of various field quantities at a point in space and time are written in their modern
form as [2]:

∇ ·D = ρenc (1.1)

∇ ·B = 0 (1.2)

∇×E =−∂B
∂ t

(1.3)

∇×H = J+
∂D
∂ t

(1.4)

Eq. 1.1 is the Gauss law that describes relation between electric charges and electric field;
it states the net outflow of the electric field through a closed surface is proportional to the
enclosed charge. Eq. 1.2 is the Gauss law for magnetism, it says the net outflow of the
magnetic field through a closed surface is zero and there are no magnetic charges, instead the
magnetic field of a material is due to a dipole. Eq. 1.3 is the Faraday’s law describes a time
varying magnetic field creates an electric field; and Eq. 1.4 is the Maxwell-Ampere law that
states the electric current and the changing electric fields generate magnetic fields.



1.1 Electromagnetic theory of light 3

The following auxiliary relations, in addition to Maxwell’s equations, complete the
foundation of classical electromagnetic theory [2]:

D = εE = εoεrE (1.5)

B = µH = µoµrH (1.6)

J = σE (1.7)

J = ρvρ (1.8)

f = q[E+ v×B] (1.9)

Eq. 1.5 defines the permittivity and the relation between electric flux density D and electric
field intensity E; εo is the free-space permittivity and εr characterizes the dipoles in the
material. Permittivity εr, the dielectric constant, is a scalar constant when the material
is homogeneous, linear, isotropic, and time-invariant; in general it is anisotropic and is a
function of space, time, and the strength of applied field. Eq. 1.6 defines the permeability and
the relation between magnetic flux B density and magnetic intensity H; µo is the permeability
of free-space and µr is the measure of magnetic dipole moment effect in the medium. The
µ and µr are scalar constant for the homogeneous, linear, isotropic, and time-invariant
materials. Eq. 1.7 is the Ohm’s law that defines the conduction current in the conductor, σ is
the conductivity of the conductor. Eq. 1.8 defines the convection current, the current density
J for the charge density ρ moving with velocity vρ . The eq. 1.9 gives the force f on a charge
q moving with velocity v in the electric field E and the magnetic field B.

The propagation of electromagnetic waves in a simple dielectric medium can be described
by the application Maxwell’s equations. To approximate the real waves in many other
practical situations e.g the radio waves at large distance from the antennas or from the
diffracting objects, the electromagnetic plane wave approximation is employed. The plane
waves are the particular solution of electromagnetic wave equation. The general solution of
the electromagnetic wave equation in homogeneous, linear, time-independent media can be
written as a linear superposition of plane-waves of different frequencies and polarizations.
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The wave equation can be derived from the Maxwell’s equation [2]; in free-space having
no sources, taking curl of Faraday’s law (eq. 1.3) we have

∇×∇×E =−∇× ∂B
∂ t

=− ∂

∂ t
∇×B =−µε

∂ 2E
∂ t2 (1.10)

and performing vector operations we get the vector wave equation

∇
2E−µε

∂ 2E
∂ t2 = 0 (1.11)

Assuming the time harmonic electric field: E(r, t) = E(r)e(− jωt); the above equation, after
performing derivative operation, becomes

∇
2E+

ω2n2

c2 E = 0 (1.12)

∇
2E+ k2E = 0 (1.13)

This is the Helmholtz wave equation, where k is the wave-number that defines the phase
constant of the uniform plane wave; it gives the change in phase per unit length of each wave
component and is given as

k = ω
n
c
= ω (µε)

1
2 (1.14)

c is the speed of light:

c = (µoεo)
− 1

2 (1.15)

and n is the refractive index:

n = (µrεr)
1
2 (1.16)

The wavelength gives the distance the wave travels in one period, it is the value which causes
the phase factor to change by 2π that is: kλ = 2π or

λ =
2π

ω(µε)
1
2
=

v
f

(1.17)
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The eq. 1.17 gives the relation between the wavelength, phase velocity and the frequency of
the electromagnetic wave.

1.1.2 Polarization of light

Light is a transverse electromagnetic wave, the electric and magnetic field oscillate in the
direction perpendicular to the direction of wave propagation. The electromagnetic fields, in
space and time, are vector by nature. Several electromagnetic waves propagating in a linear
medium can be superposed; the orientation of the field vectors in the individual waves and
the resultant electromagnetic wave is described by the polarization of the waves [2]. The
polarization of light can have different states and is described by the orientation of electric
field vector; if there is no preferred orientation of the electric field, as the sunlight, the light
is called un-polarized.

To define the polarization states of the light, let’s consider an electromagnetic plane wave
travelling in the z-direction, having x− and y−components of electric field; using phasor
representation, the electromagnetic wave can be expressed as

E = [x̂E1 + ŷE2 e jφ ]e− jkz (1.18)

where E1 and E2 are taken as real and φ is the phase angle between x− and y−components
of electric field. The polarization state of the waves depends on the phase and the amplitudes
of E1 and E2 field components.

Linear polarization

If the two components are in phase φ = 0, they add at every plane in the z-direction and give
a net field in the fixed direction defined by an angle with respect to x-axis:

α = tan−1 Ey

Ex
= tan−1 E2

E1
(1.19)

this angle is same for all values of z and t. As the E-field maintains a direction in space and
defines a plane as travels in the z-direction it is called linear or plane polarization. If E is
vertical this is vertical polarization and it is horizontal polarization if the electric field vectors
is in the horizontal plane.
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Circular polarization

If the two electric field components have equal amplitude and phase angle is ±π

2 , the eq.
1.18 becomes

E = (x̂± jŷ)E1 e− jkz (1.20)

The magnitude of E is
√

2E1 and it rotates in circular manner and this polarization state is
called circular polarization. The above equation in the instantaneous form:

E(z, t) = Re[(x̂± jŷ)E1 e− jωt e− jkz (1.21)

= E1[(x̂ cos(ωt − kz) ∓ ŷ sin(ωt − kz)] (1.22)

The sum of the squares of instantaneous Ex Ey gives us the equation of circle that is

E2
x (z, t)+E2

y (z, t) = E2
1 [cos2(ωt − kz)+ sin2(ωt − kz)] = E2

1 (1.23)

The instantaneous angle α with respect to x-axis is

α =
Ey(z, t)
Ex(z, t)

= tan−1
(
∓ sin(ωt − kz)

cos(ωt − kz)

)
=∓(ωt − kz) (1.24)

In a given z-plane, the vector rotates with constant angular velocity with α =∓ωt. For a
fixed time, the vector traces a spiral in the z-direction. For φ = π/2 we have: α = −ωt

and for φ = −π/2 we have: α = ωt; these two cases leads to rotation in the opposite
directions called as the left-hand circular polarization and the right-hand circular polarization,
respectively.

Elliptical polarization

For a general case when E1 ̸= E2 or E1 = E2 and phase angle is not equal to 0 or ±
pi/2, then the electric field trace out an ellipse in a given z-plane so does the polarization
state is known as the elliptical polarization. The Equation 1.19 in the instantaneous form:

E(z, t) = Re[x̂E1 + ŷE2 e jφ ]e jωt e− jkz (1.25)

= x̂E1 cos(ωt − kz) + ŷE2 cos(ωt − kz+φ) (1.26)
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in a given z-plane, at z=0,

Ex(z, t) = E1 cos(ωt) (1.27)

Ey(z, t) = E2 cos(ωt +φ) (1.28)

These are the parametric equations of an ellipse. If φ =±π/2 the major and minor axis of
the ellipse are aligned with x- and y-axis, however, for some general φ the ellipse is tilted.

The study of polarization state of light offers a unique spectroscopic tool because of
its sensitivity to the optical properties of the samples and also due to accurate polarization
measurements. Polarization spectroscopy has ling been used in material science, chemistry,
and biophysics.

1.2 Scattering of light

A monochromatic light beam, beam having single frequency, propagates in free-space without
change in its intensity or polarization state. However, when the light beam interact with
a particle, this light-matter interaction causes many effects such as: (i) the particle may
extract some energy from the incident light and scatters it into different directions, this
phenomenon is called light scattering, (ii) the particle may convert some of the incident light
energy into other forms of energy that is called absorption of light [3, 4]. The scattering of
electromagnetic waves can be elastic when the energy is conserved or can be inelastic when
the energy is not conserved.

The Lord Rayleigh gave a theory for the elastic scattering of light by spherical particles
that have size much smaller than the wavelength of the incident light, size of particles less
than 1/10 of the wavelength [5]. Rayleigh considered a plane wave incident on a dielectric
sphere. This scattering results from the electric polarizability of the particles. The electric
field of light acts on the charges within a particle, causing them to move at the same frequency.
The particle, therefore, becomes a small radiating dipole whose radiation we see as scattered
light.

The blue sky in daytime is an example of Rayleigh scattering that is the scattering of
sunlight by the particles in the Earth’s atmosphere. The Rayleigh scattering is inversely
proportional to the fourth power of light wavelength, so the shorter wavelengths are scattered
more than the longer wavelengths that gives the blue color to the sky. The absorption of
light by some air particles give other colors of the sky. The pattern of Rayleigh scattering is
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presented in Figure 1.1a; the light scatters strongly in the forward and backward direction by
Rayleigh particles. Both the scattering and absorption remove energy from a beam of light
travelling in a medium: the beam is attenuated. This attenuation, scattering plus absorption
is called extinction of light [3].

Mie theory solved one important problem of light scattering and absorption by a sphere
of arbitrary size an refractive index [3, 5]. In 1908, Gustav Mie published his results on the
color effects of attributed to the colloidal gold particles; he applied Maxwell’s equations to
calculate the light scattering by the spherical particles. The similar investigations were also
reported by Ludvig Lorenz in 1890 and afterwards by Peter Debye in 1909; that is why in
some texts this theory is called Lorenz-Mie or Lorenz-Mie-Debye theory [5]. Mie scattering
dominates for particle size larger than the wavelength of light; this type of scattering produces
a pattern like a lobe, with a sharper and more intense forward lobe for larger particles as
shown in the Figure 1.1b. Mie scattering is not much dependent on the wavelength of light
and larger objects in the earth atmosphere scatter all visible light equally; the reason why
Mie scattering results in white clouds and white glare around sun.

Rayleigh and Mie theory of light scattering provides a very useful tool to characterize
particles and to know their different properties. Rayleigh theory is restricted to particles
much smaller than the wavelength and application of Mie theory is restricted to particles
larger in size relative to the wavelength [3, 5]. The Mie theory is applicable only to spherical,
homogeneous, isotropic and non-magnetic particles. However, in wide range of problems we
encounter particles that are not spherical or homogeneous, so other light scattering methods
have been developed that can be applied to solve scattering by arbitrary shaped particles at
wide range of sizes. We have employed discrete dipole approximation (DDA) method to
solve scattering problems. The DDA method is discussed in the end of this chapter.

(a) (b)

incident light 

Figure 1.1 Schematic representation of: (a) Rayleigh scattering, (b) Mie scattering.
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Meaningful interpretation of scattering measurement requires the computational modeling
to calculate electromagnetic quantities and understanding the underlying electromagnetic
theory is essential for the quantitative knowledge of light-matter interaction. The interaction
of light with the samples can be measured by calculating Mueller scattering matrix that had
been discussed in the following section.

1.3 Mueller matrix polarimetry

The maximum amount of information about the sample can be obtained when the incident
light on the sample is polarized light. In general, it is possible to infer the size, the shape,
the birefringence, the dichroism, and other polarization properties of a sample by analyzing
the measured scattered light from the sample [3, 4, 6, 7]. A light beam with an arbitrary
polarization can be represented by a 4-element Stokes column vector; Stokes vector can
characterize polarized light, partially polarized light or an unpolarized light [3, 8]. When a
light beam interacts with a sample the polarization state of the scattered light is generally
changed and also the energy of electromagnetic wave is reduced after interaction with the
particle due to absorption and scattering compared to the energy of incident wave; that is
called extinction of light. The interaction of light with any sample can be described by
measuring the 4×4 Mueller matrix that contains all the properties about the sample under
examination [3, 9–11]. The incident light and the scattered light from a sample are described
by Stokes vectors; Si = [Ii,Qi,Ui,Vi]

T and Ss = [Is,Qs,Us,Vs]
T , respectively. The elements of

Stokes vector are called Stokes parameters. The Stokes parameters of some basic polarization
states are: SRCP = [1,0,0,1]T for right-circularly polarized light, SLCP = [1,0,0,−1]T for left-
circularly polarized light, and S = [1,0,0,0]T for unpolarized light. The complete definition
of Stokes parameters are given in [3, 8].

The Mueller scattering matrix is a mathematical tool that relates the incident light Stokes
vector and the scattered light Stokes vector through the relation [3]:

Is

Qs

Us

Vs

=
1

k2r2


m11 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

m41 m42 m43 m44




Ii

Qi

Ui

Vi

 (1.29)

Each element of a Mueller matrix describes some polarization property of a sample [3, 8,
12]. However, the interpretation of polarization properties from individual Mueller matrix
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elements is challenging, and many decomposition methods have been reported to extract
information from the Mueller matrix [13, 14]. A polar decomposition method was reported to
compute the diattenuation and the retardance of a Mueller matrix; this algorithm is useful for
performing data reduction upon experimentally determined Mueller matrices [15]. A Mueller
matrix transformation (MMT) method was reported for quantitative characterization of
anisotropic scattering media properties [16]. The new MMT parameters can be expressed as
analytical functions of the Mueller matrix elements and display relationships to the structural
and optical properties of the anisotropic scattering media, such as the anisotropy, the direction
of the fibers, and the sizes of the scatterers [16, 17].

Different polarization properties have been interpreted from Mueller matrix elements
and found useful to characterize various biological samples [8, 13, 18–20]. The human
cancerous tissues have been investigated to differentiate their characteristics features from
the health human tissues using Mueller matrix measurements [17, 21]. The cancerous
tissues and healthy tissues interact differently with the polarized light; the depolarization
property has been employed to differentiate the cancerous and healthy tissues [21]. The
preliminary results reported in [21] showed the Mueller matrix imaging polarimetry may
provide the enhanced contrasts to differentiate cancer types and their stage of advancement
and penetration. The numerical Monte-Carlo simulations have also been performed to get
insights in the experiment Mueller matrix measurements to characterize the colon cancer
tissues [17, 22]. Further, the retardance and depolarization of thin biopsies are measured
using experimental Mueller matrix polarimeter to quantify human liver fibrosis; retardance
distribution enables distinguishing between disease stages. The diattenuation, depolarization
and retardance polarization properties have been investigated for the retinal imaging [23]; a
Mueller matrix retinal imager is reported in a clinical setting to obtain retinal data for normal
human subjects that might provide useful information in disease diagnosis and monitoring.
To quantify human liver fibrosis an experimental Mueller matrix polarimeter is reported
by measuring retardance and depolarization of thin biopsies [24]. The Mueller matrix
imaging has also been reported as a potential quantitative criteria to distinguish between
different bacterial colonies [25]; the bacterial colonies of Escherichia coli, Lactobacillus
rhamnosus, Rhodococcus erythropolis, and Staphylococcus aureus, were studied. The
Mueller matrix based methodology was reported to monitor the formation, growth and
bundling of supramolecular assemblies in solution by tracing, at each stage of assembly, the
circular and linear dichroism together with degree of depolarization [26]. The anisotropic
media, skeletal muscle and porcine liver tissue samples, is studied using experimental Mueller
matrix measurements and simulations [27]. The influence of fibrous scatterers in the media
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are reported on the Mueller matrix elements; the elements m22, m23, m32, and m33 were
found as powerful tools for quantitative characterization of anisotropic scattering media
including biological tissues [27]. The polarization properties of the plasmonic nanoparticles
were characterized using Mueller matrix microscopy [28].

The angular dependence of light scattering is an important tool to determine size dis-
tributions of non-spherical particles. The Mueller matrix measurements were performed
to determine the mean size and the size distribution of nonspherical particles [29]; it was
reported that the elements m11 total scattered intensity, m12/m11 degree of linear polarization,
m33/m11, and m34/m11 can be used to determine mean sizes and size distributions. In [29]
it was also observed that the Mie theory for spheres can closely approximate the scatter-
ing measurements for nonspherical but rounded particles, however, the Mie theory poorly
approximate the cubic particles.

The Mueller matrix imaging ellipsometry was also reported for nanostructures metrology
[30]. The Mueller matrix ellipsometry was reported for the accurate characterization of
nanoimprinted resist patterns [31]. In lithography processes an accurate characterization of
structural parameters of nanoimprinted resist patterns is highly desirable; Mueller matrix
ellipsometry (MME) based scatterometry can provide up to 16 quantities in each measure-
ment and can thereby acquire much more useful information about the sample [31]. The
Mueller-matrix polarimetry was also reported for the enhancement of confocal microscopy
images [32]. The important factors in the use of instruments; Mueller-matrix ellipsometers,
calibration of polarization-state generators, and polarimeters, have been discussed in [33].

1.3.1 Circular intensity differential scattering of light

Many biological and chemical systems lack mirror symmetry; that is, an object cannot
be superimposed on its mirror image; the property is known as chirality [34, 35]. The
characterization of the chirality is essential to understand the morphological and functional
properties of chiral objects that offer many applications in biomedical, pharmaceutical, and
photonics [36–38]. Light with circular polarization can reveal the properties of chiral systems
[7, 39]. The left-circularly polarized (LCP) and right-circularly polarized (RCP) light waves
form oppositely handed helices, the E-field vector of electromagnetic wave indicates a point
on a helix oriented along the propagation direction, and these circularly polarized states
interact differently with the chiral systems. The interaction of circularly polarized light with
the chiral macromolecular structures can be described by circular dichroism. The circular
dichroism (CD) is the differential absorption of the left circularly polarized light and the
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right circularly polarized light by the chiral objects. This spectroscopic property, CD, has
widely been used to determine the properties of different samples [40–44]. Outside the
absorption band of samples, we have scattering contribution in CD signal; in the scattering
band, this signal is known as circular intensity differential scattering of light (CIDS) [45].
The scattering contribution in circular dichroism becomes increasingly important for the
structures whose dimensions are greater than 1/20 of the wavelength of incident light [46].
To separate the CD signal from the differential scattering signal a method has been discussed
in [45].

In this study, we focused on angle-resolved CIDS signal, the m14 element of Mueller
scattering matrix. CIDS at a scattering angle θ is given as [45]:

CIDS(θ) =
IL(θ)− IR(θ)

IL(θ)+ IR(θ)
(1.30)

where IL(θ) and IR(θ) are the scattered intensities at an angle θ , when the incident electro-
magnetic wave is left circularly polarized and right circularly polarized, respectively.

The schematic representation of CIDS signal, differential scattering of circularly polarized
light, is shown in Figure 1.2: The scattering is an angle dependent phenomenon, however,
the CD absorption signal is measured at angle 0◦ (Figure 1.2). CIDS signal provides
valid structural information, just as the CD does. Notably, CIDS signal as a function of
the scattering angle has already delineated the structural information of various scattering
samples [45–47].

CIDS calculations and measurements were reported to reveal to the internal arrangements
of orientationally averaged supramolecular bundle of helical polymer fibrils in solutions [47];

chiral

sample

RCP

LCP

θ

CD = AL - AR

𝐶𝐼𝐷𝑆(𝜃) =
𝐼𝐿(𝜃) − 𝐼𝑅(𝜃)

𝐼𝐿(𝜃) + 𝐼𝑅(𝜃)
 

Figure 1.2 Schematic representation of CIDS.
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the described typical sensitivity of CIDS instrument was about 10−3. This study analyzed
CIDS signatures of helically assembled fibrillar aggregates of a chiral polymer poly[(9,9-di-
n-octylfluorenyl-2,7-diyl)-alt-(benzothiadiazole)] (PFBT) in solution and reveal that PFBT
fibrils incorporate at least five intertwined polymer chains [47]; the CIDS measurements
were performed at wavelength 600 nm. CIDS measurements from the sperm cells of octopus
Eledone cirrhosa were reported [48]; the nuclei of sperm celll have large helical structures
that produce significant CIDS signal. The average orientation of DNA in the octopus sperm
Eledone cirrhossa was determined using the CIDS [49]. The angular pattern of CIDS was
reported to characterize the pigment-protein complexes in chloroplasts [50]; experimental
evidence showed the existence of large helically organized macro-aggregates in the protein
complexes. The circular polarization features in the leaves have been reported [51]. The
CIDS was also reported as an experimental technique for microbial identification [52];
other clinical microbiology methods have also critically been reviewed in this study. In an
experimental study, CIDS signature was described to identify different bacterial cells [53].
The study [54] reported CIDS imaging capabilities for the nuclear organization of chromatin
DNA inside isolated cell nuclei; CIDS measurements were performed at wavelength 740
nm. They showed the CIDS emission was able to distinguish the difference of compaction
inside the nucleus induced by the chirality of the molecules; however, in comparison, the
fluorescence emission was more of isotropic.

The CIDS has also been combined with other microscopy techniques. An experimental
approach was reported by coupling CIDS and the expansion microscopy to demonstrate
its sensitivity to the organization of biopolymers [55]. It was shown that by improving the
distance between chiral groups, the new imaging contrast gives access to a better resolution
of the chromatin-DNA organization in situ [55].CIDS was also combined with phasor map
approach for an intuitive view of the sample organization [56]. A recent study has successfully
employed deep learning with light scattering for particle shape classification [57], and CIDS
may further be combined with deep learning.

The design and construction of an instrument that can measure the differential scattering
of circularly polarized light as a function of angle about the scattering volume is discussed
[58]. The sources of possible artifacts that can interfere in the CIDS measurements have
been discussed [59]. The single chiral particles have been characterized by studying the CD
signal, and the circular transmission difference (CTD) signal [60]. The reported CTD signal
was of the order of 10−4, and the sensitivity of their CD measurements was about 10−6.
CIDS has usually been measured by modifying CD spectropolarimeters [45, 46, 52, 53],
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home-built CIDS setup are also reported [47, 61]. The CIDS signal with magnitude about
10−5 in principle can be measured [62].

Within this framework, we propose the CIDS analysis as a label-free and non-invasive tool
to characterize various biological samples. We advance the CIDS theory and demonstrated
its sensitivity to various chiral parameters of structures that makes it an efficient probe to
study viral particles, chromatin organization, and structures with hierarchical chirality.

1.4 Discrete Dipole Approximation

In this thesis the discrete dipole approximation (DDA) method [63–65], implemented in the
ADDA code [66], have been employed to compute angle-resolved scattering quantities. The
DDA is a numerically exact method [67] and has successfully been employed to calculate
various scattering quantities of different objects from micro- to nanoscale in biophysics
[68–70] and plasmonics [71–73].

DDA method discretizes the scattering object into an array of polarizable point dipoles
and considers the interaction of point dipoles. The minimum number of dipoles required
to approximate an object depends on the wavelength of the incident electromagnetic wave
relative to the size of the object, the refractive index, and the fine description of the shape
of the object. For the scattering object having size comparable to the wavelength and the
also having refractive index value that is in the usual application domain of DDA, the rule of
thumb for the number of dipole is: 10 dipoles per wavelength inside the scatterer are required
[66]. The more number of dipoles are required for the irregular-shaped objects and also
for the objects with higher refractive index values [74, 75]; however, the larger number of
dipoles increases the required computational resources rapidly [66]. The general application
domain of the ADDA is the |m−1|< 2. Many studies have been reported that investigated
the DDA accuracy for variety of problems [64, 76]. The dipoles acquire dipole moment in
response to the incident electric field, also interacting with other dipoles, and in the ADDA
code, the polarizability of point dipoles has been calculated using lattice dispersion relation
LDR [63, 66]. A number of expressions for the polarizability of dipoles are known; ADDA
implements the following: the Clausius–Mossotti (CM), the radiative reaction correction
(RR), formulation by Lakhtakia (LAK), digitized Green’s function (DGF), approximate
integration of Green’s tensor over the dipole (IGTSO), the lattice dispersion relation (LDR),
corrected LDR (CLDR), and the Filtered Coupled Dipoles (FCD). The accuracy of various
polarizability formulations in many cases do not make a lot of difference. However, the LDR
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and CLDR may perform badly compared to the CM or RR for very large refractive indices
[75].

In all the simulation performed using ADDA, the inner and outer integrations were
converged to the stopping criterion value in the ADDA. The default values as given in
ADDA v.1.3b4 have been used for all the settings to compute scattering quantities; the
stopping criterion, the computation of Mueller matrix, the iterative solver, and the orientation
averaging [66]. Orientation averaging in ADDA is performed by defining the Euler angles
(α,β ,γ). All electromagnetic simulations were run on the Intel(R) Dell core-i5-8250U CPU
@1.6 GHz x64-based processor and 8GB RAM. The scattering problems investigated in this
thesis are in the usual application domain of DDA where it performs accurately [66], the
refractive index condition |m−1|< 2 is satisfied.

The objective of DDA is to calculate the dipole moment of each dipole and other quantities
are calculated from the dipole moments. The main steps involved in application of DDA
are: (i) discretizing the object into cubic array of point dipoles and get the coordinates of
these dipoles, the dipole shape file has size N×3 where N is the total number of dipoles, (ii)
calculating the polarizablities at these dipoles, (iii) calculating the Einc, j at each dipole, and
(iv) calculating the interaction matrix, and (v) calculating the unknown dipole moments P by
solving the system of equations. From the Pj , other quantities such as the scattered field,
dipole force, Poynting vector, extinction, absorption and scattering cross sections, phase
function, Mueller matrix etc. can be calculated.

Next, the mathematical theory of DDA method has been given. DDA method discretizes
the scattering object into porizable point dipoles; dipoles acquire dipole moment in response
to the incident field E j

inc on each dipole and also due to the interaction with other dipoles.
The electric field at each dipole due to the incident field and the contribution of the field from
other dipole can be written as:

E j = E j
inc − ∑

j ̸=k
A jkPk (1.31)

where A jk is the tensor that represents the interaction between a receiving dipole at r j and
the radiating dipole rk. The interaction matrix tensor A jk is m off-diagonal block and is given
by:

A jk =
eikr jk

r jk
×

[
k2(r̂ jkr̂ jk −13)+

ikr jk −1
r2

jk
(3r̂ jkr̂ jk − I3)

]
(1.32)
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where r jk is the distance from r j to rk, j ̸= k, the unit vector r̂ jk points from r j to rk. The
dipole interaction tensor is related to Green’s tensor G jk of the electric field of the radiating
dipole, A jk = k2G jk; the derivation of Green’s tensor from Helmohlt’z equation is given in
Jackson et al. [77]. The diagonal tensors are defined as A j j = α

−1
j , substituting this into 1.31

gives
Einc, j = A j jP j + ∑

j ̸=k
A jkPk (1.33)

Combining these matrices system of equations, we get system of linear equations with 3N
unknown dipole moments P j:

N

∑
k=1

A jkP j = Einc, j (1.34)

Solving the system of equations for unknown Pj, the scattering quantities can be calculated
once the dipole moment values are known.

The number of dipoles required to represent the object is determined by Draine et al. [63]
using the volume relation:

Nd3 =
4
3

πa3 (1.35)

where a is the effective radius that can be written from above relation as

a = d
3N
3π

1/3
(1.36)

The lattice spacing, d, relative to the wavelength is given by the relation:

d ≤ 1
k|m|

(1.37)

The polarizability α j determines the extent to which a dipole is polarized. The dipole
moment Pj in response to field Ej is

Pj = α jEj (1.38)

In DDA, the polarizability was implemented by the Clausius-Mossotti relation that is:

α
CM
j =

3d3

4π
(
m2

j −1

m2
j +2

) =
3d3

4π
(
ε j −1
ε j +2

) (1.39)
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Subsequently, corrections have been proposed to the polarizability implementation in DDA;
currently, the lattice dispersion relation (LDR) is reported most accurate that was derived by
[78]:

α
LDR
j =

αCM
j

1+
αCM

j
d3

[
(b1 +m2b2 +m2b3S)(kd)2 − 2

3 i(kd)3
] (1.40)

where b1 = −1.891531,b2 = 0.1648469,b3 = −1.7700004,S ≡ ∑
3
j=1(â jê j)

2; â, ê are unit
vectors defining the direction and polarization of the incident field.

The extinction and absorption cross-section can be calculated as the relation defined in
Draine et al. [79]:

Cext =
4πk
|Eo|2

N

∑
j=1

Im
(
E∗

inc, j ·P j
)

(1.41)

Cabs =
4πk
|Eo|2

N

∑
j=1

{
Im[P j · (α−1

j )∗P∗
j ]−

2
3

k3|P j|2
}

(1.42)

In ADDA,to account for the host medium of the particle, the relative refractive index is
defined: m/mo where m is refractive index of a particle and mo is the refractive index of the
host medium; and the relative wavelength in the medium is given as: λ/mo, λ is the vacuum
wavelength.

Many studies compared DDA with other numerical methods to solve various scattering
problems [67, 80–82]. In [81], DDA was compared with, the FIT (finite integration technique)
method, the DSM (discrete sources method), and MMP (multiple multipole program) for the
calculation of light scattering by red blood cell; accuracy of all methods was similar, the only
difference was the simulation time.



Chapter 2

Coronavirus model particles

2.1 Introduction

The viruses are biological entities with infectious nucleic acid, RNA, or DNA, and they can
be enveloped or non-enveloped. Within this vast class, the coronaviruses are single-stranded
RNA genome viruses, characterized by a spherical shaped envelope and by the presence of
spikes projected on their surface [83]. The new coronavirus SARS-CoV2 belongs to the
severe acute respiratory syndrome coronavirus (SARS-CoV) and provokes an infectious
disease COVID-19 [84]. Its transfer among humans is due to many factors, e.g., the contact
between infected humans, the respiratory droplets from an infected person when he exhales
near other people, the airborne transmission of droplets containing a virus, and the mutation
in the virus [85, 86]. The diagnosis is performed by various tests grouped as nucleic acid,
serological, and antigen [87]. The reverse transcriptase-polymerase chain reaction (PCR)
is a widely used test that identifies the virus based on its RNA genome extracted from
the swab sample collected from a subject [88]. Researchers are working on the rapid and
real-time detection methods of SARS-CoV2. All the aspects related to the SARS-CoV2, i.e.,
its origin, transmission, diagnosis, treatment, and prevention, are currently under scientific
investigation.

Considering the gravity of the current pandemic, the scientific community is leveraging
many approaches and techniques to investigate the origin, transmission, diagnosis, and
treatment of the SARS-CoV2. There is a focus on the single-particle characterization
approaches [89, 90] to examine the virion’s dynamic properties, as they are parasites and
need a host cell to reproduce. The single-particle characterization is essential to understand
the viral dynamics during and after their assembly, the viral life cycle, and subsequent growth
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into infectious viruses [91]. In particular, there have been efforts to characterize SARS-
CoV-2 using light scattering techniques [92–94]. The airborne speech droplets’ lifetime
and their potential role in SARS-CoV-2 transmission have been reported based on light
scattering observations [95]. The use of a UV light for the inactivation of coronavirus has
been investigated [96, 97]. In a study [98], authors have reported the extinction power of
a single corona virion modeled as a core-shell sphere with a homogeneous spherical core.
Previously, light scattering based methods have also been adopted to characterize different
viral samples [99–101]. The application of light radiation pressure has been reported to trap
and manipulate viruses and bacteria [102].

In the previous chapter, we discussed the Mueller scattering matrix and CIDS. We focused
on the m14 Mueller matrix element that describes the differential scattering of circularly
left and circularly right polarized light, the CIDS of light. Within this framework, we
propose the CIDS analysis as a label-free and non-invasive tool to detect virus particles
and investigate the optical properties of virions. To this aim, we report CIDS calculations
for models representing either viral and non-viral particles. We analyze the CIDS signal’s
sensitivity to different morphological parameters such as genome turns, size, handedness,
and packaging of genome in the virion. These CIDS calculations, sensitive to changes in
genome polymer, can help monitor and identify the virions. Moreover, we calculated the
total scattered intensity, the extinction efficiency, and the linear depolarization ratio [3] that
is given as:

∆ = 1− m22

m11
(2.1)

The depolarization ratio has widely been used as a particle characterization tool in atmo-
spheric LIDAR applications to classify droplets and ice particles [103, 104]. The spherical
particles and homogeneous droplets are expected not to depolarize the incident polarized
light [3, 4].

The electromagnetic scattering quantities demonstrated in this study can help in clinical
microbiology. We published the work presented in this chapter; Ashraf et al. J. Opt. Soc. Am.
B Vol. 38, No. 5, (2021) [105]. After we published our work, later that year an experimental
study was published by Pan et al. Opt. Express vol. 30, No. 2 (2022) [106]; they reported
CIDS measurements to discriminate biological aerosol particles from non-biological aerosol
particles. They obtained CIDS signal from a single microsphere with and without the coating
of DNA molecules [106]. We believe CIDS based approach can potentially benefit in this
research area of biosensing for viral and bio-aerosol detection; further computational and
experimental developments will mature the application of CIDS method.
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The virus particle model, the simulation method, and the light scattering calculations for
different particles are presented in the following sections.

2.2 Coronavirus particle model

The transmission electron micrograph of coronavirus SARS-CoV2 virus particles, isolated
from a patient, are shown in Figure 2.1(a). The images are captured and color-enhanced at
the NIAID Integrated Research Facility, National Institute of Health (NIH), Maryland. The
spikes proteins on the surface give this virus family its name corona and the coronaviruses
have a crown-like appearance. The creative rendition of coronavirus particles is shown in
the Figure 2.1(b). The reported research about coronavirus has given the details about its
structural morphology, however, the structural morphology is still not completely known.
The ongoing research efforts keep reporting new data about the dynamics of coronavirus and
its structural parameters. The shape has been reported as a sphere or nearly sphere, a study
reported the spikes on the surface are uniformly distributed, another study came and reported
the pikes are non-uniformly distributed on the surface, the length of spike has been reported
in different studies, and the RNA of the coronavirus is not completely known.

This study modeled the coronavirus particle as its structural morphology revealed by the
transmission electron microscopy (TEM) and reported in [84]. The isolated virion has a size
varying from 60 nm to 140 nm, and the spike length is about 9 to 12 nm. The number of
spikes on the individual virion is reported to be about 24±9 [107].

(a) (b)

Figure 2.1 (a) Transmission electron micrograph of SARS-CoV-2 virus particles, isolated
from a patient, (b) Rendition of SARS-COV-2 virus particles. Credit: National Institute of
Allergy and Infectious Diseases, NIH.
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Figure 2.2 (a) Schematic model. (b) The simulated discrete dipole approximation model of
coronavirus particle, (c) cross-sectional view.

The coronavirus particle, we modeled, is a superposition of three parts: (i) a sphere,
corresponding to the envelope membrane; (ii) cylinders, uniformly distributed on the sphere
surface, corresponding to the spikes; and (iii) a toroidal helix in the core of the envelope,
that accounts for the single-stranded RNA genome. The schematic of corona virion with the
labeled cellular parameters is shown in Figure 2.2. The actual simulated model consisting
of an array of polarizable point dipoles is shown in Figure 2.2(b), and its cross-sectional
representation is presented in Figure 2.2(c). In the calculations, we have considered the
size of virion equal to 110 nm, the number of spikes is 20, and the spike length is about
10 nm. The virion’s host medium is considered phosphate-buffered saline with a refractive
index mo = 1.335 [108]. The refractive index of coronavirus is still an open question.
We have taken the refractive index of the spherical envelope relative to the host medium,
menv = 1.025, as reported for some viral suspensions [109]; lastly, the genome polymer is
assumed to have a refractive index, n+ ιk, as reported for the nucleic acid [110]. The relative
refractive index of nucleic acid at wavelength 310 nm is mnuc = 1.28089, as we mostly
communicated our calculations at this wavelength. The nucleic acid refractive index values
at the other wavelengths can be accessed from the refractive index database [111]. In our
calculations, only the value of mnuc changes with the wavelength, the mo, and the menv values
are considered the same.

The calculations are performed using ADDA [66]. In the calculations, we have discretized
the virus model particle by taking number of dipoles equal to N = 80 in the direction of the
longest dimension of the particle that is set by the ADDA discretization tool automatically
[112]. The number of dipoles in the other directions is automatically determined by the
discretization tool based on the object’s dimensions in these directions and depending on the
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chosen value for the number of dipoles in the largest direction [66, 112]. The total number
of dipoles we used for a virion was 113283. For the virion inside a respiratory fluid, we
used the N=200 dipoles for the outer spherical shape; however, the virion’s dipoles were
the same N = 80. We have exported the meshing information of our virion model from an
open-source 3D modeling software Blender [113] and used the point in polyhedron tool
[112] in the ADDA [66] to prepare a discrete dipole model. We used the default settings
of ADDA code v.1.4.0 defined by the input files provided with the ADDA [66]. The file
avg_params.dat specifies parameters for orientation averaging that is performed over the
Euler angles (α,β ,γ); α is varied from 0 to 2π , β from 0 to π , and γ from 0 to 2π . The
default value of 10−5 is used as a stopping criterion for the iterative solver. All the inner
integrations and the outer integrations were converged. All the computational results in this
study are presented in the orientation average, except where we explicitly mentioned the
effect of fixed orientations of a virion on the scattering calculations.

2.3 Results and Discussion

In order to explore the capability of CIDS analysis to distinguish between the viral and
non-viral particles, we considered three different electromagnetic models: first is a nucleated
sphere with spikes, and it mimics a coronavirus particle; the second model is a nucleated
sphere with no spikes, and the third is a homogeneous sphere. We use the term nucleated
sphere for a sphere comprising of a genome polymer in its core. First, we performed the
electromagnetic calculations to determine the absorption regime and the scattering regime
of a corona virion; the extinction and absorption efficiency calculations are presented in the
Figure 2.3. The extinction efficiency describes the particle’s capability to remove energy from
the incident electromagnetic wave. From the calculations, we notice below the wavelength
300 nm, the virus particle has absorption, and above this wavelength, there is identically zero
absorption, and the extinction of light is due to the scattering. The cellular parameters of
the virion used for these calculations are the same as in the previous calculations; only the
impinging electromagnetic wave wavelength is varied. The genome has a refractive index
n+ ιk that varies with wavelength, and above 310 nm k is zero in the refractive index. We
also observe that the extinction efficiency decreases as the wavelength of illuminated light
increases in the wavelength spectra 310 nm to 410 nm (Figure 2.3b).

The simulation results for the differential scattering of circularly polarized light and
total scattered intensity for the three electromagnetic models are shown in Figure 2.4a.
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Figure 2.3 The extinction and absorption efficiency of a virion, a nucleated sphere with
spikes; (a) absorption spectrum: 200 nm to 300 nm, (b) scattering spectrum: 310 nm to 410
nm.

Notably, we show that the CIDS analysis is able to detect the genome in the core of the
two nucleated sphere models: indeed, there is a differential scattering response to incident
circularly polarized light. In contrast, a non-nucleated sphere has an identically null CIDS
response, suggesting - within the framework of the presented simulations - the capability
of the CIDS analysis to distinguish between a virus and a non-virus particle Figure 2.4a.
We then investigated the total scattered intensity related to the irradiated object’s overall
size and accounts for the unpolarized light scattering (Figure 2.4b). Compared to the zero
CIDS signal produced by a sphere, the total scattered intensity calculations indicate that it
significantly scatters unpolarized light. The nucleated sphere scatters more light than the
virion sphere with spikes. We kept the size the same for three simulation models, and the
virion has spikes on the spherical envelope, while the nucleated sphere has thicker spherical
envelope and more mass that scatters more light. The nucleated sphere also scatters more
light than the homogeneous sphere of the same size because of the high refractive index
genome in its core. We observed from these calculations, the CIDS and the total intensity of
scattered light contain different information, and these quantities are sensitive to different
morphological parameters of the investigated models. The CIDS reveals particles’ chirality,
and total intensity is related to the particles’ overall size.

We studied linear depolarization ratio of light for three particle models. The calculations
in Figure 2.4c communicate that for homogeneous sphere, there is no depolarization of the
incident polarized light either parallel or perpendicular to the scattering plane. However, the
virus particle and the nucleated sphere have a non-zero depolarization ratio. The virus particle
has higher depolarization ratio compared to the depolarization of the nucleated sphere, and
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Figure 2.4 (a,b) CIDS and total scattered intensity, respectively. (c) Depolarization ratio of
the particles, (d) - m12/m11. Extinction efficiency and the absorption efficiency of a virion.
(a)-(d) Turns of a genome=5, genome height: 44 nm, genome size=68 nm, size of each
particle=110 nm, λ=310 nm.

the homogeneous sphere has the zero depolarization ration as suggested by the calculation in
Figure 2.4c. We also investigated the Mueller matrix element m12/m11 for the three particle
models as the calculations are presented in Figure 2.4d. The quantity - m12/m11 describes
the degree of linear polarization of the scattered light for incident unpolarized light; it has
the similar angular behavior for the three particles and is not able to sense the genome in the
particles. This quantity is expected to have similar angular behavior for the for the particles
having size much less than the wavelength of light [3].

We then moved on to investigate the sensitivity of the CIDS and the total scattered
intensity to various parameters that we could control in our virus model. We first focused on
changing the handedness of the helical genome in the virion’s core while keeping all other
virion parameters constant and using values same as we used in the previous calculations.
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The electromagnetic calculations in response to changes in the handedness of genome are
presented in the Figure 2.5. We observe the angular behavior of the CIDS changes in sign
as the virion’s genome changes the handedness and the amplitude of CIDS is same for
the oppositely handed genome. In contrast, the total scattered intensity is unaffected by
the change in the handedness of genome as the scattered intensity is related to the overall
size of the virion. We also studied the effect of change in a genome handedness on the
depolarization ratio and the extinction efficiency of the the virion. The calculations suggest
the depolarization ratio and the extinction efficiency of the virion is not effected by the only
change in the handedness of genome in the virion’ core (Figure 2.5(c,d)).

Further, we investigated the effect of varying the number of genome turns in the core
of a virion; the calculations are given in Figure 2.6. Only the genome helical turns are
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Figure 2.5 The handedness of a genome is changed in the virion’s core: (a,b) CIDS signal and
total scattered intensity, respectively. (c) Depolarization ration of the virion. (d) Extinction
efficiency of the virion.
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varied in the virion’s core and all other cellular parameters are kept constant: the virion
size, the genome diameter, and the refractive indices. The schematic of the virion model is
shown in Figure 2.2. We observe that the CIDS signal senses the changes in the genome’s
turns that correspond to the RNA conformations as indicated by the CIDS angular behavior
(Figure 2.6a). We also observe the virion scatters more light as the genome’s number of
turns increases, the total scattered intensity calculations are described in Figure 2.6b. The
extinction efficiency also changes as the helix number of turns are changing. The calculations
suggest more energy is removed from the incident electromagnetic wave when the wave
interacts with a virion that has a higher number of genome’s turns. The virion with a higher
number of genome’s turns also has a higher depolarization ratio (Figure 2.6c).
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Figure 2.6 Genome’s number of turns are varied in the virion’s core and calculations are
given at λ=310 nm [(a)-(c)]. (a) CIDS signal. (b) Total intensity of scattered light. (c)
Depolarization ratio. (d) Extinction efficiency.
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The effect of changes in RNA polymer size on the scattering calculations is demonstrated
in Figure 2.7(a,b). Only the genome diameter is changed, and all other parameters are kept
the same, the number of turns, the size of a virion, and the refractive indices. The CIDS
has higher intensity as genome diameter increases, also the virion with larger genome size
scatters more light.

The changes in scattering quantities in response to the changes in the virion size is
demonstrated in Figure 2.7(c,d). We see both the quantities, CIDS and the total scattered
intensity, have similar angular behavior as the virion size changes; both quantities have
higher intensities as the particle’s size is increasing. This increase in the scattered intensities,
the CIDS and the total intensity, in response to the increase in the virion size can also be
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Figure 2.7 (a,b) The genome size is varied; CIDS and total scattered intensity calculations,
respectively. (c,d) Virion size is varied; CIDS and total scattered intensity calculations,
respectively.



2.3 Results and Discussion 28

interpreted: as the particle size approaches close to the wavelength of the incident light the
scattered intensities increase in their amplitude (Figure 2.7(c,d)).

Lastly, we studied if corona virion’s genome has a different conformation like the standard
helix as presented in Figure 2.8d, rather than the toroidal conformation as shown in Figure
2.2c. Only the RNA conformation is changed, all other parameters of the virion are the same
as we used for for the scattering calculations in Figure 2.3. The angle-resolved scattering
calculations of a virion for this conformation are given in Figure 2.8.

We evidence from the calculations, the CIDS signature of virion for this genome confor-
mation is different from the CIDS signature for the same virion but with different genome
conformation as was modeled in 2.2c. However, the total scattered intensity has a similar
angular behavior for the same virion but with two different genome conformations.
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Figure 2.8 (a,b) Angular behavior of CIDS and total scattered intensity, respectively. (c)
Depolarization ratio. Genome height=55 nm, genome diameter=50 nm, virion size=110 nm,
λ=310 nm. (d ) Cross-sectional view of the corona virion.
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We, further, investigated the effect of changing handedness of the genome in the virion’s
core (Figure 2.9). The CIDS becomes opposite for the oppositely handed genome in the
virion’s core, however, the total scattered intensity is un-effected by the this change in
handedness. The effect of changing the helical turns of genome on the scattering quantities
are demonstrated in Figure 2.9(c,d).

We also modeled a respiratory fluid particle with a virion embedded in its core. The fluid
particle is considered hosted in the air; the scattering calculations are described in Figure
2.10. The virus particle size, the refractive index of the genome, the refractive index of a
spherical envelope, the refractive index of water, and the size of a genome are the same as
we used for the calculations in Figure 2.3a and Figure 2.8a, respectively for the two different
packagings of the nucleic acid genome in a virion. Notably, the CIDS signal senses the small
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Figure 2.9 (a,b) Genome handedness is varied; CIDS and total scattered intensity, respectively.
(c,d) Genome helical turns are varied; CIDS and total scattered intensity calculations for
virion in Figure 2.8d, respectively.
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Figure 2.10 (a,b) Angular behavior of CIDS and total scattered intensity for the genome
packaging as presented in Figure 2.2c, respectively. (c) Angular behavior of CIDS with the
virion genome packaging as presented in Figure 2.8d. λ=310 nm, respiratory fluid particle
size=275 nm, virion size=110 nm. (d ) Cross-sectional view of the respiratory fluid.

change in a genome polymer of the virus particle in the respiratory fluid. However, the total
scattered intensity appears the same for the small changes in genome in this case of droplet.
A study has reviewed various terms used for virus carriers and their sizes, droplets, airborne
transmission over long-range, short-range, and respiratory fluid particles [114].
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2.4 Conclusion

This chapter proposed a potential application of differential scattering of circularly polarized
light, the CIDS, to characterize virus nanoparticles. The coronavirus particle was modeled as
composed of spherical shaped envelop, the RNA genome was modeled with a toroidal helix,
and the spikes on the envelop were modeled with caped cylinders uniformly distributed on
the surface of the virus particle. The angular behavior of CIDS, the total scattered intensity
of unpolarized light, the depolarization ratio, and the extinction efficiency calculations
demonstrated to identify the viral particle from the non-viral particles. These scattering
quantities were also demonstrated to monitor the morphological changes in the viral particles.
It was seen that the CIDS of light revealed information that was different from the information
given by the total intensity of scattered light. The CIDS sensed the presence of an RNA
genome in the virus particle and was sensitive to the changes in it as indicated by the CIDS
signature in response to the genome’s changes; the number of genome helical turns, the
handedness of the genome, and the genome size. We also demonstrated the scattering
calculations for the genome packaging as a standard helix in the virion’ core. The distinctive
CIDS signals were obtained in response to the RNA genome’s different packaging in the
virion’s core; as a toroidal helix and as a standard helix. The CIDS for the sphere was
zero. However, a sphere significantly scatters the unpolarized light, as was indicated by the
total scattered intensity calculations. The calculations showed the depolarization ratio for
the sphere was zero, while the virion depolarize the incident light. These electromagnetic
scattering calculations can offer a polarized light-based particle characterization technique to
get unprecedented insight into virions.



Chapter 3

Chromatin organization

Chromatin is a substance consisting of DNA and proteins that form chromosomes within
the nucleus of eukaryotic cells [115, 116]. The DNA carries the cell’s genetic information
and the major proteins in chromatin, histones, help package the DNA in a compact form
to fit in the cell nucleus. The organization of chromatin structure plays a primary role in
DNA packaging and gene regulation in the cell cycle [117]. During this cycle, chromatin
organization changes and has different compaction levels depending on the cycle stage [118].
Chromatin mainly exists in two forms; a euchromatin that is less condensed and can be
transcribed, a hetero-chromatin that is highly condensed and is typically not transcribed.
Knowing this structural organization of chromatin, we can understand DNA replication
and other nuclear processes [119]. The optical microscopy approaches [120–122] and cryo-
electron microscopy [123, 124] have mainly been used to discern the chromatin organization.
The optical microscopy methods usually require chromatin-specific fluorescent probes for
labeling, and these labels can be invasive [125, 126]. Here we adopted one label-free
microscopy approach based on the angle-resolved scattering of circularly polarized light to
characterize the structural organization of chromatin fiber.

We employed the m14 element of Mueller matrix in the scattering regime, that describes
the differential scattering of the incident left- and the incident right-circularly polarized
light at a scattering angle θ . The CIDS angular signature were reported, theoretically
and experimentally, to give structural information of various samples [47, 105, 53]. In
numerically reported results, mainly Born approximation and coupled dipole method were
used to compute CIDS [127, 128]. In the first Born approximation, the appearance of
the CIDS signal for chiral objects depends on the anisotropic polarizability tensor of the
scatterer. This approximation does not consider the internal interactions in the scatterer and
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incorporates anisotropy geometrically by replacing isotropic scatters such as spheres with
ellipsoids. For the chromatin structure, we cannot ignore the internal interactions between
nucleosomes as these interactions play an essential role in the chromatin compaction [129].

In [55], an experimental approach was reported coupling the CIDS and the expansion
microscopy to demonstrate its sensitivity to the organization of biopolymers; this study
showed that by improving the distance between chiral groups, the new imaging contrast
gives access to a better resolution of the chromatin-DNA organization in situ. The study
[54] also reported the CIDS imaging capabilities for the nuclear organization of chromatin
DNA inside isolated cell nuclei; they showed the CIDS emission was able to distinguish
the difference of compaction inside the nucleus induced by the chirality of the molecules;
however, in comparison, the fluorescence emission was more of isotropic. To investigate how
the changes in chiral parameters of chromatin fiber induce changes in the CIDS signal, we
computationally modeled chromatin fiber to know its organization in the cell cycle.

We comprehensively examined CIDS sensitivity to the variations in various degrees of
freedom of a chromatin solenoid numerically using discrete dipole approximation. The effect
of variation in the pitch, radius, the orientation of solenoid, the handedness of solenoid,
orientation of nucleosomes, number of helical turns, and the extinction efficiency as a
function of incident light wavelength was demonstrated. The CIDS response was sensitive to
the variations in these parameters related to the compaction levels of chromatin solenoid.

The scattering calculations can potentially benefit various chiral analytical and experi-
mental imaging methods in biophysics and chemistry. The work presented in this chapter
was published in [130]. In our lab, the CIDS imaging results have already been reported for
the organization of chromatin DNA [54, 55].

The simulations method, the chromatin fiber model, and simulations results are presented
in the following sections.

3.1 Materials and Method

3.1.1 Computational Method

The angle-resolved scattering quantities were computed using the ADDA code [66], have
been employed to compute angle-resolved scattering quantities. We discretized the chromatin
solenoid into dipoles by taking 60 dipoles in the longest dimension of the helical fiber for



3.1 Materials and Method 34

its one turn; the number of dipoles in the other directions is set by the discretization tool
automatically based on this given value [66, 112]. All the inner and outer integrations were
converged to the stopping criterion value in the ADDA. The default values as given in
ADDA v.1.3b4 have been used for all the settings to compute scattering quantities [66]. All
electromagnetic simulations were run on the Intel(R) Dell core-i5-8250U CPU @1.6 GHz
x64-based processor and 8GB RAM.

3.1.2 Chromatin Fiber Model

The actual chromatin organization is still an open question; different models have been
proposed with different shapes of nucleosomes [131–133]. The emphasis is on the solenoid
model of chromatin with nucleosomes shaped as cylindrical units [131, 132], and we have
adopted this chromatin model. The other nucleosomes shapes that have been reported are
oblate spheroids, spheres, and tetranucleosomal units [133, 134]. The schematic of widely

Figure 3.1 The schematic of major structures in DNA chromatin compaction. Credit:
National Human Genome Research Institute, NIH, Maryland.
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Figure 3.2 (a) The discrete dipole model of chromatin fiber, (b) projected view along the
helical axis.

reported chromatin DNA model is shown in Figure 3.1; the major structures in chromatin
DNA compaction: the DNA, the nucleosomes that are composed of DNA wrapped around
proteins, the 10 nm beads on a string chromatin fiber, the nucleosomes wrapped into a 30 nm
helical fiber known as a chromatin solenoid model, and the metaphase chromosome.

We modeled the chromatin structure as a solenoid, a one-start helix, with nucleosomes
arranged as a helical array as presented in Figure 3.2. The 30 nm chromatin fiber composed
of cylindrical shaped nucleosomes arranged as a helical array with 6-nucleosomes per single
turn has been considered in all the computations. The cylindrical nucleosomes have a height
of 5.5 nm, a diameter of 11 nm, and are composed of isotropic dielectric material hosted
in water. The refractive index of nucleosomes is 1.68, and that of water is 1.33 [135]. The
orientation of nucleosomes is such that their planar faces are parallel to the tangent vector
to the helical trajectory and are normal to the helix axis. The discrete dipole model of the
solenoid is shown in Figure 3.2b.
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3.2 Results and Discussions

The CIDS calculations are performed as a function of scattering angle as its angular depen-
dence gives structural information of chiral objects. The pitch of the chromatin solenoid is
varied, and the diameter is kept constant. The wavelength of the incident electromagnetic
plane wave is 300 nm for these scattering calculations. The angle-resolved scattering cal-
culations in the orientation average are presented in Figure 3.3a,b. It is evident from these
calculations that the CIDS signal senses the changes in the pitch of the solenoid. The CIDS
signal is identically zero when the pitch of chromatin solenoid is zero; for the zero pitch the
chromatin solenoid has lost its chirality and conforms to a circular array of nucleosomes
rather a helical array of nucleosomes. The chromatin fiber with zero pitch scatters unpolarized
light significantly in comparison to zero CIDS signal for the zero pitch; the total scattered
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Figure 3.3 Pitch of chromatin solenoid is varied; the angular behavior of CIDS and total
scattered intensity is presented, respectively: (a,b) orientation average is performed, (c,d)
incident light along the helical axis (α,β ,γ)=(0,0,0).
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intensity is related to the over-all size of the fiber and is not sensitive to the chiral parameters.
The 30 nm chromatin fiber produces more significant CIDS signal as the solenoid pitch
increases (Figure 3.3a). The orientation average is performed as in the native environments
like in the liquid medium the helical structures are usually randomly oriented; to compute the
average response over different possible orientations of chromatin solenoid the orientation
average is performed. The existence of CIDS signal in the orientation averaging indicates its
capability to characterize the chiral biological structures.

The angular behavior of CIDS and scattered intensity for an orientation of chromatin
fiber relative to the incident electromagnetic wave propagating along the helical axis is
demonstrated in the Figure 3.3(c,d). The orientation is defined by the Euler angles (α,β ,γ) =
(0,0,0); only the fixed orientation is used for the calculation and all other parameters are kept
same as we used in the previous calculations. This differential scattering signal is identically
zero when the pitch of the solenoid is zero, and the magnitude of this signal increases as the
pitch of the chromatin solenoid increases. The total scattered intensity, however, is not zero
for the solenoid when the pitch was zero because it corresponds to the overall size of the
solenoid as stated by the calculations in Figure 3.3b. The total scattered intensity is related
to an unpolarized light and the calculations suggest the total intensity is least sensitive to
the changes in pitch as compared to the differential scattering signal of circularly polarized
light (Figure 3.3). In ADDA, if a particle is not symmetric and orientation averaging is
not performed, the angle range is extended to 360◦ for the scattering calculations at a fixed
orientation (Figure 3.3c,d); and for the calculations in the orientation average the angle range
to 180◦ is used (Figure 3.3a,b).

The angular pattern of scattering quantities in response to the changes in the orientation of
a chromatin solenoid with respect to the incident light is demonstrated in Figure 3.4a,b. The
structural parameters of a solenoid are kept the same as used for calculations in Figure 3.3;
only the orientation of the solenoid is changed with respect to the incident light. From
the numerical results, we can infer the CIDS signal has a different response for every
different orientation of solenoid and depends on the solenoid’s symmetry. In contrast, the
total scattered intensity has identically the same behavior for these different orientations
because it is related to the size variations and is least sensitive to the symmetry of solenoid
(Figure 3.4b). The difference in CIDS behavior in response to changes in the orientation
of solenoid is an important indicator that we can distinguish the orientations of chromatin
fiber bringing new contrast in 2D imaging. The calculations for the extinction efficiency
of the chromatin solenoid are given in Figure 3.4c,d. This quantity shows the capability
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Figure 3.4 (a,b) CIDS and total intensity angular dependence for different orientations of
solenoid, λ = 300 nm, (c) extinction and absorption efficiency of chromatin fiber with pitch
11 nm, (d) extinction efficiency of solenoid for different pitch values.

of chromatin to remove energy from the incident electromagnetic wave. The extinction
efficiency of chromatin decreases at higher wavelengths (Figure 3.4c); these calculations also
show there is no absorption at the simulated wavelength values, and the extinction is due to
scattering of light. The calculations in Figure 3.4d show that the extinction efficiency of a
solenoid is least affected by changing its pitch only.

Next, we investigated the effect of changes in the radius of the chromatin solenoid on
the angular behavior of scattering quantities as presented in Figure 3.5. Only the radius
of chromatin solenoid is changes and all other parameters are kept constant. The CIDS
signal is identically zero for a linear chain of nucleosomes; that is, when the radius is zero
and nucleosomes are stacked up along the helix axis. In this case, the solenoid loses its
chirality, and this conformation represents the beads on a string chromatin model, the least
compact form. The CIDS signal is most significant when the radius is 10 nm, then increasing
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Figure 3.5 Radius of chromatin fiber is varied, the pitch is kept constant. CIDS and total
scattered intensity calculations are presented, respectively; (a,b) in the orientation average,
(c,d) in the orientation when light is incident along the helical axis of the chromatin fiber. P
= 11 nm, λ = 300 nm.

radius while keeping the pitch of solenoid constant, the CIDS decreases in magnitude as the
solenoid is becoming more of circular (Figure 3.5a,c).

Changing the handedness of chromatin solenoid, its effect on the angular behavior
of differential scattering signal, and the unpolarized light scattering is demonstrated in
Figure 3.6. Only the handedness is changed, and all other parameters are the same such as
diameter, pitch, and one turn of chromatin fiber is modeled. It is observed the CIDS signal
for oppositely handed helical fibers has the same angular behavior; however, opposite in sign
with the same magnitude of scattering signal. In contrast, the total scattered intensity for the
oppositely handed fibers has the same magnitude and same sign, as the scattered intensity is
related to the overall size, and there is no effect on the scattered intensity for the changes
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Figure 3.6 The handedness of chromatin solenoid is changed; CIDS and total scattered
intensity for oppositely-handed chromatin helical fiber is given: (a,b) in the orientation
average, (c,d) at a fixed orientation (α,β ,γ)=(0,0,0). λ = 300 nm.

in the handedness of solenoid. These observations are consistent at a fixed orientation of
solenoid and in the orientation average (Figure 3.6).

The scattering calculations in Figure 3.6a,b advise the CIDS signal becomes opposite in
sign as the handedness of fiber is changed. To get further insight and the manifestation of this
observation, we modeled a chromatin helical fiber composed of one-turn with a right-handed
solenoid and, on top of it, one-turn of a left-handed solenoid. The discrete dipole model of this
system is shown in the inset of Figure 3.7b. The two oppositely handed turns in this system
have the same structural parameters; only they have opposite handedness (Figure 3.7b).
The angle-resolved scattering calculations are described in the Figure 3.7. The calculations
indicate the CIDS signal is identically zero in the orientation average (Figure 3.7a); as in this
2-turns chromatin fiber: one turn is a right-handed and the second turn is left-handed, and
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Figure 3.7 CIDS and total scattered intensity for the helical fiber as shown in the inset of
(d): 1-turn of left-handed fiber on a 1-turn right-handed helical fiber; (a,b) in the orientation
average, (c,d) fixed orientation (α,β ,γ)=(0,0,0).

they have CIDS signal in the opposite direction that makes the overall CIDS signal zero. In
comparison, the total scattered intensity is non-zero as it is affected by the changes in overall
size and is not affected by the chirality (Figure 3.7b). However, in a fixed orientation, we can
expect a non-zero CIDS signal as the calculations suggest (Figure 3.7c); in this orientation
the light is incident along the helical axis of the chromatin solenoid.

A single turn of the solenoid was examined in all the previous computations. The effect
of varying the number of solenoid turns on the CIDS signal, and total scattered intensity is
demonstrated in Figure 3.8a,b. Only the number of turns is varied, and all other structural
parameters are the same as we used for one turn of a solenoid. The angular pattern of CIDS
in the orientation average infers the signal magnitude is more significant with the increase
in the number of solenoid turns (Figure 3.8a). The angular pattern of unpolarized light
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Figure 3.8 Solenoid helical turns are varied; (a,b) scattering quantities in the orientation
average, and (c,d) at an orientation (α,β ,γ) = (0,0,0); in the inset schematic solenoid is
shown. P = 11 nm, R = 10 nm, λ = 300 nm.

scattering shown its magnitude also increase as the solenoid turns increases (Figure 3.8b).
The CIDS behavior at a fixed orientation in response to the changes in solenoid turns is
demonstrated in the Figure 3.8c; the CIDS signal is largest in magnitude for a single turn
of the solenoid at the simulated fixed orientation. The extinction efficiency of chromatin
solenoid for the changes in its number of turns is given in Figure 3.8d; the calculations show
that the extinction efficiency increases as the number of solenoid turns increases.

Furthermore, changing the orientation of nucleosomes in reference to the helical axis,
its effect on the circular differential scattering is demonstrated in Figure 3.9. The chromatin
model is shown in Figure 3.9b. A single turn of a solenoid is modeled. Only the orientation of
nucleosomes is changed; all other structural parameters are kept the same as we used for the
solenoid model in Figure 3.2. It is observed the CIDS senses the change in the orientation of
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Figure 3.9 Varying pitch the scattering calculations are given: (a) at a fixed orientation
(α,β ,γ) = (0,0,0), (a,b) the schematic of chromatin solenoid, (b) chromatin fiber projected
view looking along the helix axis, (d,e) scattering calculations in the orientation average.

nucleosomes as indicated by the angular behavior of CIDS signal in Figure 3.9a,c; the CIDS
angular behavior is different from the CIDS signal of chromatin fiber with the nucleosomes
orientation as modeled in Figure 3.3a,c. However, the angular behavior of total scattered
intensity is similar for both chromatin models. The calculations in Figure 3.9a,c also indicate
the magnitude of CIDS is significant when the pitch is largest, and it is identically zero
when the pitch is zero; this behavior is in agreement with the differential scattering signal in
Figure 3.3a,c.

The effect of nucleosomes shape on the CIDS signal has been described in Figure 3.10.
The nucleosomes have been modeled as cylindrical units and spheres. The chromatin solenoid
with cylindrical shape nucleosomes is the same as we modeled in Figure 3.2. The spherical
nucleosomes have a diameter of 11 nm. The 30 nm chromatin solenoid with pitch 11 nm
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Figure 3.10 (a,b) CIDS and extinction efficiency for two different shaped nucleosomes,
respectively; (c,d) scattering calculations for the chromatin fiber with spherical shaped
nucleosomes, λ = 300 nm.

is considered for these calculations. The calculations show that solenoid with spherical
nucleosomes has a strong CIDS signal than the solenoid with cylindrical shaped nucleosomes.
The solenoid with spherical units also scatters more unpolarized light than the solenoid
with cylindrical nucleosomes (Figure 3.10b). Within the first Born approximation, the zero
CIDS signal is expected for the solenoid composed of spheres; as for chiral scatterers, this
approximation requires anisotropic polarizability tensor and gives zero CIDS for isotropic
scatterers [45]. A significant CIDS signal exists for the chromatin fiber composed of spherical
nucleosomes as computed by the discrete dipole approximation (Figure 3.10(a,c)).
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3.3 Conclusion

In this chapter, the angular behavior of the scattering quantities were demonstrated in
response to the changes in various chiral structural parameters of the chromatin solenoid. The
parameters that were investigated are: the pitch of a solenoid, the diameter of the a solenoid,
the orientation of a solenoid with respect to the incident light, the orientation of nucleosomes
with respect to the helix axis, the shape of nucleosomes; the changes in these parameters
were related to different compaction levels of chromatin. The changes in these parameters
were monitored by calculating the differential scattering of circularly polarized light (CIDS);
the CIDS exhibited particular angular behavior representing the fingerprint of a chromatin
model. We observed the CIDS signal was zero when the pitch of the helical fiber was zero,
however, for the non-zero pitch values the CIDS signal was non-zero and for different pitch
values the CIDS signal signal was also different in magnitude. The CIDS sensed the changes
as the 30 nm chromatin fiber changes in its diameter; the CIDS was zero when the diameter
was zero and in this case the chromatin fiber conforms to the beads on a string model. For
the changes in the handedness of chromatin solenoid, the CIDS signal sensed the change in
the handedness and showed same angular behavior, however, with the opposite sign. This
observation triggered to model a solenoid system composed of a left-handed helical fiber and
a right-handed helical fiber; the calculations showed the CIDS signal was identically zero in
the orientation average for this solenoid system. This implies the CIDS signal can be used to
find the average handedness of a helical fiber. The CIDS sensitivity to the orientation of the
cylindrical shaped nucleosomes with respect to the helix axis showed the CIDS had different
angular behavior for the different orientation of the nucleosomes. The total scattered intensity
calculations gave information about the overall size of the solenoid structures. However,
the CIDS provided information differently from the total scattered intensity and described
the chirality of the solenoids. The scattering calculations were performed using the discrete
dipole approximation method. These calculations can potentially benefit in a label-free
characterization of chiral polymers in biophysics and nano-chemistry.



Chapter 4

Hierarchical macromolecular structures

4.1 Introduction

In this chapter, we computationally modeled various macromolecular structures with hierar-
chical chirality and demonstrated the angle-resolved scattering of circularly polarized light
to delineate the chiral features of these structures. The macromolecular structures that can be
composed of sub-structures are termed as hierarchical structures; B-DNA structure can be
considered made of: (i) a phospahse bakbone, two strands winds around each other forming
a double helix, and (ii) a base-pairs helix. We also mimicked a biological cell composed of
a spherical envelope and a helical nucleus in its core; the nucleus is modeled as a standard
helix and a two helix system. We calculated the Mueller scattering matrix and focused on
m14 element that is known as the circular intensity differential scattering of light (CIDS) in
the scattering regime [45]. The angular behavior of CIDS signal served as the signature of
these structures. We also calculated total scattered intensity for the incident unpolarized light
that is described by the m11 element. We also calculated ipar and iper that are given as:

ipar = m11 +m12 ; iper = m11 −m12 (4.1)

The ipar and iper describe the scattered irradiances per unit incident irradiance for incident
light parallel and perpendicular to the scattering plane, respectively [3]. The light scattering
calculations can serve as a label-free and non-invasive biophysical tool to characterize the
macromolecular structures at the nanoscale.

The computational method, the model of the B-DNA structures, and the simulation results
are discussed in the following sections.
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4.1.1 DNA model

The first structure we modeled is the right-handed B-DNA composed of a double helix and a
base pairs helix as shown in the Figure 4.1. The B-DNA structural parameters are: the pitch
is 3.4 nm, the diameter is 2 nm, the number of base pairs in one turn of the helix is 10, the
major groove width is 2.2 nm, and the minor groove width is 1.2 nm [136].

The angle-resolved scattering calculations are performed using the ADDA code. We
discretized the DNA macromolecular structure into dipoles by taking 40 dipoles in the longest
dimension of the helical fiber for one its one turn and total number of dipoles were 31030.
The refractive index of the DNA is taken as reported for the nucleic acid [110]. The DNA
refractive index changes with the wavelength of the incident light, and at a wavelength of
310 nm, its refractive index is 1.71; we have performed most of the scattering calculations
at this wavelength. The background host medium is considered water that has refractive
index value 1.3478 at wavelength 310 nm [137]. The relative refractive index of a structure
is defined at the refractive index value of structure divided by the refractive index value of
the host medium; the relative refractive index of DNA at wavelength 310 nm is 1.2687. The
refractive index values of DNA at other wavelengths can be accessed from the refractive
index database [111].

(a) (b) (c)

Figure 4.1 The discrete dipole model of a: (a) phosphate backbone, double helix without
base-pairs, (b) base-pairs helix, (c) B-DNA structure.
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4.2 Results and Discussion

Three electromagnetic models of macromolecule structures: (i) B-DNA, (ii) double helix,
and (iii) base-pairs helix are simulated. The extinction and absorption efficiency of B-DNA
is calculated to determine the absorption and scattering bands, the calculations are presented
in Figure 4.2(a,b). The extinction efficiency describes the capability of the B-DNA to remove
energy from the incident electromagnetic field. It is observed below the wavelength 300 nm
the extinction is due to the absorption by the B-DNA (Figure 4.2a); whereas the absorption
efficiency of B-DNA is identically zero above the wavelength 310 nm and the extinction is
due to the scattering of light (Figure 4.2b).

The angle-resolved scattering of circularly polarized light, m14, and the total scattered
intensity of unpolarized light, m11, calculated in the orientation average are given in Fig-
ure 4.2c,d. CIDS of B-DNA suggests it is a sum of the CIDS signals that comes from the
individual chirality levels of B-DNA, double helix and base-pairs helix (Figure 4.2a). The
total scattering intensity calculations are given in Figure 4.2b; the B-DNA scatters more light
than the double helix and base-pairs helix. The magnitude of total scattering intensity signal
of unpolarized light is weaker than the magnitude of the differential scattering of circularly
polarized light; as the total scattered intensity is related to the size of the structure. However,
the differential scattering signal of circularly polarized light scattering is less sensitive to the
overall size and is more sensitive to the chiral features of the structures. The CIDS signal
produced by double helix has a higher magnitude than the CIDS signal produced by the
base-pairs helix; however, base-pairs helix scatters more light than the light scattered by
double helix as indicated in Figure 4.2a,b.

The angular behavior of CIDS in a single orientation of macromolecular structures with
respect to the incident electromagnetic wave defined by Euler angles (α,β ,γ) are given in
Figure 4.2e,f. The CIDS follows the summation behavior in a fixed orientation defined by
the (α,β ,γ) = (0,0,0) (Figure 4.2e); however, in some fixed orientations the CIDS can be
expected not to follow the sum behavior as indicated by the calculations in Figure 4.2f for
the orientation (α,β ,γ) = (0,90◦,90◦).

The scattering calculations in response to changes in wavelength of incident light are
demonstrated in Figure 4.3a,b. The calculations suggest the CIDS and total scattering
intensity have greater magnitude when the size of scatterer approaches close to wavelength
and their magnitude decreases as wavelength increases relative to the size of scatterer.

Varying the number of dipoles used to approximate the B-DNA structure; the effect on
the differential scattering signal is demonstrated in Figure 4.3c. It is observed the CIDS
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Figure 4.2 (a,b) Extinction and absorption efficiency of B-DNA as a function of wavelength.
(c,d) CIDS and total scattered intensity in the orientation average, respectively, (e,f) CIDS
angular dependence at fixed orientations, λ=310 nm, 20-helical turns are modeled.

signal is not changing when the N is 40, N represents the number of dipoles per helix turn.
In ADDA, the polarizability can be implemented using various formulations, the choice of
polarizability implementation depends on the type scattering problem under study [63, 66].
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Figure 4.3 (a,b) Wavelength of incident light is varied, CIDS and total scattered intensity in
the orientation average for the B-DNA structure; (c) number of dipoles are varied, (d) CIDS
in response to different polarizability implementations in ADDA.

The effect of different polarizability formulations on the differential scattering signal
is demonstrated in Figure 4.3d. The following formulations have been studied: the Clau-
sius–Mossotti (CM), the lattice dispersion relation (LDR), corrected LDR (CLDR), and the
Filtered Coupled Dipoles (FCD). The calculations suggest, for the scattering problem studied
here, various polarizability implementations do not effect the sacattering signals. More on
the polarizabilty formulations and their choice for a scattering problem can be found [63, 66].

The CIDS is further investigated for different electromagnetic models of macromolecule
structures with different chiral features, and the calculations are presented in Figure 4.4.
The first structure we modeled is a single helix; the scattering calculations are presented in
Figure 4.4a,b. Only the handedness is varied, and all other parameters of the left-handed
(LH) and right-handed (RH) helix are kept same. The CIDS angular behavior changes in
a sign for the oppositely handed helices; however, the overall angular behavior is the same
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Figure 4.4 CIDS and total scattered intensity in the orientation average: (a,b) for the helix as
shown in the inset of Figure 4.4b, a single helical turn is modeled, dipoles=2482; (c,d) for
the two-helix system as shown in the inset of Figure 4.3d, a single helical turn is modeled,
dipoles=4877; (e,f) for the helix system as shown in the inset of Figure 4.4f, dipoles=7877.
Each helix system has: pitch=34 nm, diameter=20 nm, λ = 310 nm.

in magnitude, whereas the total scattering intensity of unpolarized light is the same for the
oppositely handed helices both in sign and magnitude.
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Next, we modeled a system composed of a right-handed and a left-handed helix as shown
in the inset of Figure 4.4d; for both the oppositely handed helices, the handedness is changed
only, and all other parameters as the pitch, radius, and the number of turns are the same. The
angle-resolved scattering calculations in Figure 4.4c indicate the CIDS signal is identically
zero for this system, as the two oppositely handed helices produce CIDS signal with opposite
sign and the additive nature of CIDS signal for a system with more than one level of chirality
results a null CIDS signal in the orientation average ( Figure 4.4c). However, the total
scattered intensity of unpolarized light is non-zero for this system ( Figure 4.4d). To get
further insights into the CIDS behavior for a hierarchical structure, we modeled a structure
as shown in the inset of Figure 4.4f. This structure is similar as we modeled in (Figure 4.4d);
only the number of helical turns are changed for the right-handed helix, the two-turns of
the right-handed helix are modeled with one turn of a left-handed helix. The scattering
calculations in Figure 4.4e,f infer a significant CIDS signal exists for this helical system in
contrast to a null CIDS for the system in Figure 4.4d. This additive behavior of CIDS for a
system with multiple levels of chirality can be important to know the average handedness of
the system.

For the system in Figure 4.4d, we studied the CIDS angular behavior at fixed orientations
of the structure with respect to the incident electromagnetic wave. The calculations presented
in Figure 4.5a indicate the CIDS is zero in this fixed orientation; however, in some fixed
orientations, we can expect CIDS not to follow the additive behavior as there exists a CIDS
signal at this fixed orientation (Figure 4.5b).

We also investigated other Mueller matrix elements for the single helix system shown
in Figure 4.4b and for the helical system in Figure 4.4d. The calculations are given in
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Figure 4.5 Scattering calculations for the system shown in Figure 4.4d at fixed orientations;
(a) (α,β ,γ)=(0,0,0), (α,β ,γ)=(0,0,90).
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Figure 4.6 Scattering calculations in the orientation average for the helical systems shown
in Figure 4.4b and Figure 4.4d; (a) m13 Mueller matrix element, (b) m23 element, (c) m24
element, (d) m34 element

.

Figure 4.6 which suggest these Mueller matrix elements also have additive nature in the
orientation average. Changing the handedness of a single helix, the angular behavior of
Mueller matrix elements m13, m23, and m24 change in sign only for the oppositely handed
helices (Figure 4.6a-c), however, the m34 element has the same sign and magnitude for both
the oppositely handed helices (Figure 4.6d). The Mueller matrix elements m13, m14, m23,
and m24 are communicated here, as these elements are significant for the chiral particles and
are identically zero in the orientation average for the achiral particles. The m13 is related to
the linear dichroism property of the sample, m23 is related to circular birefringence, m24, and
m34 are related to linear birefringence property of the samples.

Further, we investigated the CIDS and total scattered intensity angular behavior for
the biological cells comprising of single helix nucleus and two-helix nucleus composed of
left-handed and right-handed helices; the schematic electromagnetic model of these two
spherical cells are shown in the inset of the Figure 4.7b and in Figure 4.7d, respectively.
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Figure 4.7 Scattering calculations in the orientation average; (a,b,e) nucleated sphere with
a single helix core as the schematic shown in the inset of (b); (c,d,f) nucleated sphere with
2-helix core as the schematic shown in the inset of (d), (e) solid lines are for the sphere with
RH helix in the nucleus and dashed lines are for the sphere with LH helix, dipoles=511189,
nucleated sphere size= 40 nm.

Varying the handedness of a helical nucleus in the core of a biological cell while keeping all
other parameters the same, the scattering calculations are given in Figure 4.7a,b. The CIDS
senses the change in the handedness of the helical nucleus and its angular behavior changes
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in sign; however, the total scattered intensity is insensitive to the change in the handedness of
a helical nucleus in the cell (Figure 4.7b). For the nucleus modeled as a two-helix system in
the core of a biological cell (Figure 4.7d), the CIDS signal is identically zero indicating the
CIDS sensitivity to the hierarchical chirality. We also calculated the scattered irradiances per
unit incident irradiance for incident light parallel and perpendicular to the scattering plane
for these two biological cells. Only the nucleus is modeled as a different helical system in the
core of the cells, and all other parameters of the cell models are kept the same; the diameter
of the spherical envelop, the refractive index of the core nucleus, and the host medium of a
biological cell is water. The helix systems in the core of spheres have the same parameters,
the pitch, and the diameter, as we simulated for the calculations in Figure 4.4. The refractive
index of the spherical envelop relative to the host medium is 1.015. The calculations in
Figure 4.7e and Figure 4.7f show the scattered intensities have similar angular behavior for
two biological cells with different nucleus models, and these scattering quantities are not
able to differentiate in these two different biological cells. In contrast, the CIDS sensitivity
to chiral features shows different angular behavior for these nucleated spherical cells.

4.3 Conclusion

This study demonstrates the angle-resolved scattering of unpolarized light and circularly
polarized light for the macromolecular structures with hierarchical chirality. The angular
behavior of unpolarized light scattered intensity, m11, showed similar behavior for the
different macromolecular structures. The differential scattering of circularly polarized
light (CIDS), m14/m11, showed distinctive features in their angular behavior for different
macromolecular structures giving more morphological information than the unpolarized
light scattering. The CIDS signal has the additive behavior in the orientation average; the
individual differential scattering signals from different chirality levels add to the final CIDS
scattering signal. The helical nucleus is found to preserve chirality in the native environment,
as in the core of the biological cell. The total scattered intensity were found to have similar
behavior for the macromolecular structures; in comparison, the CIDS behavior distinguished
macromolecular structures with different chiral properties. These scattering calculations can
offer a polarized light-based label-free approach to characterize the chiral samples at the
nanoscale.



Chapter 5

Conclusions

This thesis were focused on a label-free biophysical method based on angle-resolved scat-
tering of circularly polarized light calculations. We demonstrated the capability of angle-
resolved scattering quantities to characterize various biological samples. We calculated
Mueller scattering matrix and focused on m14 element that is the CIDS signal. The scattering
calculations were performed using the discrete dipole approximation method.

First we demonstrated the application of differential scattering of circularly polarized
light, the CIDS, to characterize virus nanoparticles. The coronavirus particle was modeled as
composed of spherical shaped envelop, the RNA genome was modeled with a toroidal helix,
and the spikes on the envelop were modeled with caped cylinders uniformly distributed on
the surface of the virus particle. The angular behavior of CIDS, the total scattered intensity
of unpolarized light, the depolarization ratio, and the extinction efficiency calculations
demonstrated to identify the viral particle from the non-viral particles. These scattering
quantities were also demonstrated to monitor the morphological changes in the viral particles.
It was seen that the CIDS of light revealed information that was different from the information
given by the total intensity of scattered light. The CIDS sensed the presence of an RNA
genome in the virus particle and was sensitive to the changes in it as indicated by the CIDS
signature in response to the genome’s changes; the number of genome helical turns, the
handedness of the genome, and the genome size. We also demonstrated the scattering
calculations for the genome packaging as a standard helix in the virion’ core. The distinctive
CIDS signals were obtained in response to the RNA genome’s different packaging in the
virion’s core; as a toroidal helix and as a standard helix. The CIDS for the sphere was
zero. However, a sphere significantly scatters the unpolarized light, as was indicated by the
total scattered intensity calculations. The calculations showed the depolarization ratio for
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the sphere was zero, while the virion depolarize the incident light. These electromagnetic
scattering calculations can offer a polarized light-based particle characterization technique to
get unprecedented insight into virions.

Next, we modeled a chromatin fiber solenoid model, and the angular behavior of the
scattering quantities were demonstrated in response to the changes in various chiral structural
parameters of the chromatin solenoid. The parameters that were investigated are: the pitch
of a solenoid, the diameter of the a solenoid, the orientation of a solenoid with respect
to the incident light, the orientation of nucleosomes with respect to the helix axis, the
shape of nucleosomes; the changes in these parameters were related to different compaction
levels of chromatin. The changes in these parameters were monitored by calculating the
differential scattering of circularly polarized light (CIDS); the CIDS exhibited particular
angular behavior representing the fingerprint of a chromatin model. We observed the CIDS
signal was zero when the pitch of the helical fiber was zero, however, for the non-zero pitch
values the CIDS signal was non-zero and for different pitch values the CIDS signal signal
was also different in magnitude. The CIDS sensed the changes as the 30 nm chromatin fiber
changes in its diameter; the CIDS was zero when the diameter was zero and in this case the
chromatin fiber conforms to the beads on a string model. For the changes in the handedness
of chromatin solenoid, the CIDS signal sensed the change in the handedness and showed
same angular behavior, however, with the opposite sign. This observation triggered to model
a solenoid system composed of a left-handed helical fiber and a right-handed helical fiber; the
calculations showed the CIDS signal was identically zero in the orientation average for this
solenoid system. This implies the CIDS signal can be used to find the average handedness of
a helical fiber. The CIDS sensitivity to the orientation of the cylindrical shaped nucleosomes
with respect to the helix axis showed the CIDS had different angular behavior for the different
orientation of the nucleosomes. The total scattered intensity calculations gave information
about the overall size of the solenoid structures. However, the CIDS provided information
differently from the total scattered intensity and described the chirality of the solenoids.

Lastly, we investigated the macromolecular structures with hierarchical chirality. The
angular behavior of unpolarized light scattered intensity, m11, showed similar behavior for
the different macromolecular structures. The differential scattering of circularly polarized
light (CIDS), m14/m11, showed distinctive features in their angular behavior for different
macromolecular structures giving more morphological information than the unpolarized light
scattering. The CIDS signal showed the additive behavior in the orientation average; the
individual differential scattering signals from different chirality levels add to the final CIDS
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scattering signal. The helical nucleus is found to preserve chirality in the native environment,
as in the core of the biological cell.

The observations that angle-resolved scattering of circularly polarized light is sensitive to
the changes in chiral structural parameters makes the electromagnetic scattering a potentially
powerful label-free means of particle characterization. We believe these calculations can
benefit in non-invasive characterization of chiral polymers in biophysics and nano-chemistry.
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