University

of Glasgow

Guo, B. et al. (2021) Detection of virus particles by scattering field using the
multiperspective polarization modulation imaging method. Journal of the Optical
Society of America B: Optical Physics, 38(12), pp. 3592-

3600. (doi: 10.1364/JOSAB.436357).

This is the Author Accepted Manuscript.

There may be differences between this version and the published version. You are
advised to consult the publisher’s version if you wish to cite from it.

http://eprints.gla.ac.uk/257292/

Deposited on: 18 October 2021

Enlighten — Research publications by members of the University of Glasgow
http://eprints.gla.ac.uk



https://doi.org/10.1364/JOSAB.436357
http://eprints.gla.ac.uk/242796/
http://eprints.gla.ac.uk/

Detection of virus particles by scattering field using
multi-perspectives polarization modulation imaging
method

BAOHENG GuO, BIN N1, X1A0 JIN,! HENG ZHANG,! HANWEN ZHAO,?!
LIANPING HOU,2 JOHN H. MARSH,2 LEI DONG,3 SHANHU LI,* JICHUAN XIONG, "
AND XUEFENG LIu%*

1School of Electronic and Optical Engineering, Nanjing University of Science and Technology, Nanjing, Jiangsu, 210094, China
2James Watt School of Engineering, University of Glasgow, Glasgow, G12 8QQ, UK

3School of Life Science, Beijing Institute of Technology, Beijing, 100081, China

“Department of Cell Engineering, Beijing Institute of Biotechnology, Beijing, 100850, China

°B. Guo and B. Ni contributed equally to the manuscript

*Corresponding author: liuxf1956@sina.com

Received XX Month XXXX; revised XX Month, XXXX; accepted XX Month XXXX; posted XX Month XXXX (Doc. ID XXXXX); published XX Month XXXX

Polarization parametric indirect microscopic imaging (PIMI) method, which employs a polarization modulated incidence
illumination and fitting the far-field variation of polarization states of the scattered photons, is capable of direct
identification of the sub-diffraction-scale structures and substances, such as the virus particles. However, in the present
strategy, the optical elements which collect the scattered photons are nearly fixed above the sample, making the collected
information relatively limited as the side-scattering photons are not fully utilized. To address this problem, we propose a
multi-perspectives PIMI imaging method to maximize the collection of scattering photons from different spatial
directions, which can obtain more information of optical anisotropy among particles. As a proof-of-concept study, virus
detection using such method is performed theoretically and experimentally. Results reveal that the virus particles can be
detected and determined more distinctly thanks to the set of PIMI images from different spatial angles, showing notable
superiority to the previous scheme where only a plane PIMI image is derived from a fixed spatial direction. With the
capability of acquiring more characteristics of the samples, the proposed multi-perspectives PIMI method can be applied
in many fields such as morphological characterization and bio-sensing. © 2021 Optical Society of America

reaction (PCR) [4], quantitative polymerase chain reaction (QPCR)
1. INTRODUCTION [5], and real-time polymerase chain reaction (RT-PCR) [6], the
immunoassays technique such as fluorescent antibody (FA)
staining, hemagglutination inhibition, and immuno-peroxidase
staining [7], DNA sequencing technique such as DNA microarrays
[8], the mass spectrometric methods such as matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) [9]. In addition,
microelectronics and microfluidics-based technologies include lab-
on-a-chip (LOC), point of care (POC) testing [10], and surface
plasmon resonance (SPR) sensing [11].

However, the previously mentioned indirect methods for virus
detection still have drawbacks in regards to time consumption,
relatively complex processing procedure, high cost, need of skilled
operators and specific handling room. Compared with the
contemporary methods for virus detecting, optical imaging holds
great potential for fast and direct virus screening with the

The virus is a special kind of pathogen in which its associated
diseases are one of the main threats to human health. For instance,
the coronavirus disease 2019 (COVID-19) has given rise to millions
of deaths worldwide so far, imposing significant influence on the
human society [1,2]. The constant occurrence of new infection
agents and strong ability of frequent virus mutation such as COVID-
19 makes it difficult to control the virus-induced pandemics quickly
and completely despite the policy of isolation and contact
restriction [3].

Rapid and precise detection of different viruses is a critical
technique for the control and prevention of pandemics. Fortunately,
many virus detection methods have been developed and played
positive roles, including the widely used method of nucleic acid
detection and amplification technique such as polymerase chain



advantages of intuitive detection, large field of view, low cost, and
fast speed [12]. Due to its strong ability to resolve anisotropic
features beyond the diffraction limit by detecting the variation of
scattering photon states from the sample, polarization parametric
indirect microscopic imaging (PIMI) has been applied in a variety of
fields, including the attempt to identify virus particles [13]. The gold
nanoparticles (AuNPs) aggregated with a virus particle can enhance
the scattering signal [14-16] in PIMI imaging for the detection of
virus particle, indicating the possibility of fast virus sensing in a
wide-field view via the PIMI method. However, the present
objective lens in the PIMI mechanical system which collects the
photons scattered from the sample is located directly above the
sample with a limited size, which means that a fraction of the side
scattering signal is not collected. Moreover, only an individual plane
PIMI image can be obtained after performing the measurement.
Hence, shortcomings faced by the present PIMI strategy mainly
include that the morphological nano-features of the analyte
especially at the side edge are not fully included in the PIMI image,
and the confidence level of determining the detected sample such as
virus particles need to be improved because of the information
limited by the plane image.

In this paper, we propose a new method to simulate the
polarization modulated scattering field using a spherical monitor in
Discontinuous Galerkin Time Domain (DGTD) with the PIMI
method. The spherical monitor is used for detecting the scattering
of polarization modulated field, which overcomes the previous
shortcomings of less spatial dimension in scattering signal by plane
detection, and can reveal more information about the interaction
between nanoparticles and incident polarized light field in the side
space. At the same time, the Stokes vector obtained in full space
contains the complete scattering information of the nanoparticles
which also provides a solid foundation for the subsequent Poincaré
mapping to detect virus particles statistically. To verify the accuracy
of the simulation, we calculate the polarized wavefront fields on the
first surface of the objective lens from CCD images to compare with
the simulated results on upper hemisphere.

To realize the full perspective observation of nanoparticles in
the polarized scattering field by experiment, we plan to rotate the
entire microscopic objective apparatus and cover the 21 steradian
on the sphere and put them together for increased collection of
useful information.

Hopefully, using the multi-perspectives PIMI method to collect
the photons scattering information from the multi-angle spatial
dimensions can provide more assistance for the effective detection
of nanoparticles such as virus in the future.

2. METHODS OF MEASUREMENT

A. DGTD Theory

Numerical simulation methods are used to calculate the optical
properties in nanoscale particles. Widely used methods include the
Finite Difference Time Domain (FDTD) method and the Finite
Element Method (FEM) currently. The FDTD is a fast and simple
time-domain method for solving Maxwell's equations, but its
accuracy is relatively low, only in second-order accuracy. In
addition, this method needs to be limited to an inflexible orthogonal
space with discrete grid, Yee-grid [17,18].

When solving problems concerning small geometric features
or bending shapes, the finite element method allows flexible and

discrete meshing of the physical system, and the spatial order of
accuracy can be improved by using higher-order basis functions
[19]. Hesthaven and Warburton applied the DGTD method to the
electrodynamics [20,21]. In principle, the DGTD is a variant of
traditional FEM. The main difference is that the basic function of the
DGTD method is defined on only one element without any overlap
with the adjacent elements, which effectively decouples the
elements [22]. After performing all the time-consuming operations
on each cell separately, the coupling between cells is reintroduced
through the so-called numerical flux [23]. With this technique, the
mathematical complexity of computation is reduced, allowing
DGTD to efficiently handle the time-dependent problems.
Therefore, the method of DGTD can simulate the spherical monitor
and overcome the disadvantage of traditional FDTD which is not
flexible and limited in the discrete mesh of orthogonal space. D.
Shree simulated the scattering-field propagation of gold
nanoparticles in the human epidermis and blood at different
wavelengths based on the Mie scattering by the DGTD method [24].

The DGTD simulation takes place in the time domain and uses
the Mie solution of Maxwell's equations to describe the scattering of
plane waves by a homogeneous sphere:
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D is the electric displacement vector. H isthe magnetic field
component. E is the electric field component. T is the space
position vector. t is the time variable. w is the time-frequency. &, is
the permittivity of vacuum. &, is the relative dielectric constant.

Another characteristic of DGTD is that it relies on
strengthening the continuity of numerical flux on the plane f; not the
components of the field as shown in Fig. 1 [25].

Fig. 1. Notation used to define numerical flux in a DGTD calculation.

Here, A is a unit vector that goes out of the element. E~ and

H represent the electric and magnetic fields at the interface, and

“w,n

superscript “+” represents the adjacent field on a face element f.

is the magnetic permeability. £ is the dielectric constant, and 0V, is

the differential numerical flux.

In the following parts, we make use of the advantages of DGTD
to implement a spherical monitor to collect the scattering
information of polarization modulation, and show the strengths of
the unstructured grids and computational efficiency.



B. PIMI Method

As shown in Fig. 2, the PIMI system mainly consists of polarizer,
analyzer and microscopic objective. The polarizer adopts a linear
polarizer that can rotate relative to the X-axis at an equal angle. The
analyzer adopts a quarter wave plate whose fast axis is along the +X-
axis, and the linear polarizer is at +45° relative to the +X-axis. Since
we realized the detection of spherical light source in the simulation,
we proposed to make the device able to rotate with respect to the
X-axis and Y-axis in order to realize the whole perspective detection.

- cep
-
] Lens

=——= Liner polarizer

Liner polarizer

e

Ilumination i ﬁ \ Beam splitter

({\ & "ﬂ"*—“ Objective

] <<= 1/4 wave plate

z

b

Fig. 2. The concept diagram of the PIMI system with full view acquisition.
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The scattering field passing through the analyzer changes
periodically by continuously rotating the polarizer relative to X-axis.
The information of extinction angle ¢ and phase difference 6 are
included in the outgoing light intensity. The light intensity passing
through the polarization system is expressed as [26]:

| . .
I :?°[1+sm(2a)t—2¢))sm 5. (4)

1, is the intensity of incident light. @ and t are the angular
frequency and time respectively. We can extract |sind| from this
intensity expression by Fourier analysis of the expression above.
6=0,-0, is the phase difference between orthogonal

components of the electric field. In Fig. 3(a), E, and E, are the
amplitudes of x and y components respectively. a is the semi-major
axis of ellipse. b is the semi-minor axis of ellipse. ¢ is the extinction
angle and g is the elliptical angle. When rotating the polarizer
through the total «,,, =180° in N steps, the angle of step k is
o =(K—1)x( ey / N) , where k is chosen as 1, 2, 3,~, N. The
intensity on detector is described by Eq. (4) and its derivation is
written in the following form:
I, =a,+a5sin(2¢, ) +a, cos(2a, ). 5)
| 1, . 1, . .
a, :?", a =3 l,sindcos2g, a, = ) I,sindsin 2¢. (6)

Here, parameters &, (i=0, 1, 2) can be rewritten as:
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The polarized parameters of different characteristics in
samples can be obtained by Egs. (5)-(7), such as the depolarization
intensity parameter | ap =8 the extinction angle parameter

1
Q= > arccos (a1 /Jal +a’ ) and the phase difference parameter

|sins|=4/af +a; /a,.

Using the polarized parameters above and Jones matrix we can
derive the following Stokes vector matrix representation of
samples:

S, I, (L+5in 5)
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As shown in Fig. 3(b), the Poincaré sphere is usually used to
representall the possible polarized states of polarization modulated
scattering field and it is a solid sphere with a radius of 1 unit. The
points on the spherical surface represent fully polarized states
which have the intensity of 1 unit, and the points inside the sphere
represent partial polarization states, and the origin point of sphere
represents unpolarized states. The Stokes vector of light can be
written as [27]:
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pzls—u,u: S, |=—| cos@sin y |. (10)
0 S, sin y

Iisthelightintensityand | = S . Pisthe degree of polarization.
u is the unit vector that defines the azimuth angle & (0 <@< 27[)

and polar angle y (O <y< 27[) in the Poincaré sphere.
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Fig. 3. Schematic description of the polarization parameters. (a) Definition
of the extinction angle ¢. (b) Polarized states represented in the Poincaré
sphere.

In the PIMI method, the polarized scattering field is generated
by the coupling between incident light field from different angles
and the changes among structural properties in samples.



This method can enhance the collection of anisotropic
information of samples [28,29]. The polarized parametric field is
obtained by the calculation of scattering field which shows a
concentrated distribution at a certain spatial dimension. We can
analyze the difference of optical properties among different
nanoparticles by using the distributed information in parametric
field such as extinction angle and phase difference [30]. In addition,
the Stokes vector information can be used for mapping in the
Poincaré sphere which reflects the full polarization states
distribution of the sample.

3. SIMULATED RESULTS AND DISCUSSIONS

A. Simulation Model

The simulated sample model is shown in Fig. 4(a), which
consists of SiOz substrate, gold nanoparticle and virus particle. The
diameter of substrate is 0.5um and the thickness is 0.3um.

Adenoviruses are medium-size (90-100nm), unenveloped
viruses with icosahedral nucleocapsid containing a double-
stranded DNA genome. Coronaviruses are a large family of viruses.
Mature coronaviruses are in various forms, with a diameter of
about 60-220nm. They are mainly spherical, and a few are oval or
polygonal. For convenience of modelling in simulations, we here
approximate the gold nanoparticle and adenovirus particle as
geometric sphere in our study. The diameters of gold and virus are
100 nm and 80 nm, respectively, with their refractive index of 0.40+
i0.54 (AuNP), and 1.47 (Virus) at the wavelength of 532nm.

The light source is TFSF (Total-Field Scattered-Field) plane
wave and its wavelength is 532nm. The detector uses a spherical
monitor and its diameter is 0.63um, which is consistent with the
object depth of objective lens. The boundary condition is set to be
Perfect Matched Layer (PML) with its thickness of 0.35um. The
simulation time is 1000fs, and the mesh size is chosen as 20nm.

In Fig. 4(b), we show a schematic of projection transformation
from the near field to far field in DGTD. The far-field projection is
used to calculate the electromagnetic field of a point in the space far
from the structure that produces the light. A typical far-field
projection samples the field near the radiating structure and
decomposes it into spherical waves. This decomposition is then
used to reconstruct the electromagnetic field at any required point

in the space. The near field is usually collected in a closed surface S’
, sampling at a set point I, and N, is the background refractive

index shown in Fig. 4(b). Decompose the near field E (f‘) and

H ( r ) into a set of spherical waves first, and then an equivalent set
of surface currents are generated [31,32].
3 (F)=h(r)xH(r). (11)
M, (r')=—n(r")xE(r). (12)
According to the Love's equivalence principle, these equivalent

surface currents contain all the information needed for a light
source [31]. The far field is calculated by the equivalent surface

current J (f' ) ,and equivalent magnetic surface current M _ (F' )

Making each point on the surface near the field as a point source
and using the known analytical solution of Maxwell's equations, we
can calculate the far field, which is generated by all the aggregated
point sources.

(a) DGTD model (b) Near field to far field
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Fig. 4. (a) Sample model simulated in DGTD. (b) Diagram of transformation
from near field to far field in DGTD.

B. Polarized Parameter ¢

In the simulation, we injected ten linearly polarized lights with
different polarization angles in turn and collected the scattering
field data on spherical monitor. Considering the working distance of
objective lens used in the experiment is 0.21mm, we performed the
near- to far-field transformation and the distance is 0.21mm away
from the nanoparticle. After such transformation, we use the PIMI
calculation to obtain the polarized parameters ¢, |sind| and Stokes
vector.

Figure 5 and Figure 6 show the spherical scattering images and
the curves of the polarized parameter ¢ simulated by DGTD in the
far field. The difference of the scattering fields between a single gold
particle (AuNP) and a gold-virus combination (AuNP+Virus) mainly
exists in the pair of main petals on the upper hemisphere and lower
hemisphere which have large scattering field and concentrated
scattering intensity. Besides, we also employ four side perspectives
to present the differences in the side scattering fields of different
nanoparticles.

Figure 5 shows the polarization modulated scattering fields of
the parameter ¢ on the upper and lower hemispheres. By
extracting the main scattering features from the upper and lower
hemispheres along the dotted circle lines, the scattering intensity
curves are plotted in the polar coordinate map. It should be noted
here that since the lower hemisphere's Y-axis coordinates are
reversed, the polar intensity curve is also the mirror image about
the azimuthal angle 6 of 0° to 180° in direction. By comparing the
scattering intensity curves of AuNP and AuNP+Virus, we find that
the scattering intensity peaks at the azimuthal angle 6 of 126° and
306° are significantly different.
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Fig. 5. Spatial scattering characteristics on the upper and lower
hemispheres of the ¢ polarized parameter. (a, b) Feature extraction on the
upper hemisphere. (d, e) Feature extraction on the lower hemisphere. (c, f)

Comparison in the polar map.

Figure 6 shows the scattering fields of the parameter ¢ in four
different side perspectives. For each view angle, we marked the
extraction range of light intensity with dotted lines as virtual axis,
and then compared the scattering light intensity curves of AuNP
and AuNP+Virus. Via comparison, one can see that the scattering
characteristics are represented in pairs of azimuth angles of 36° and
216° 126° and 306° in the side spherical space. The scattering field
of AuNP presents a symmetric distribution between pairs of angles,
while that of AuNP+Virus is notably asymmetric, and the
scattering information is reflected in the peak value.
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Fig. 6. Spatial scattering characteristics of the parameter ¢ in side space. (a-
c) View angle (36°, 5°). (d-f) View angle (126°, 5°). (g-i) View angle (216°,
5°). (j-1) View angle (306°, 5°).

C. Polarized Parameter |siné|

Figure 7 and Figure 8 show the far-field scattering images and
curves of the polarized parameter |sind| simulated by the DGTD.
The difference of the scattering fields between a single gold particle
(AuNP) and gold-virus combination (AuNP+Virus) mainly exists in
the pair of main petals on the upper hemisphere and lower
hemisphere, where large scattering field and concentrated
scattering intensity can be seen. Besides, we also use four side
perspectives to show the difference in side scattering fields of

different nanoparticles. Fig. 7. shows the polarization modulated
scattering fields of the parameter |sind| on the upper and lower
hemispheres. By extracting the main scattering features from the
upper and lower hemispheres along the dotted circle lines, the
curves of scattering intensity are plotted in the polar coordination.
Via comparing the curves of scattering intensity between AuNP and
AuNP+Virus, it is clearly seen that the intensity peaks at azimuthal
angle 6 of 171°,351° are significantly different.
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Fig. 7. Spatial scattering characteristics on the upper and lower
hemispheres of the |sind| polarized parameter. (a, b) Feature extraction on
the upper hemisphere. (d, €) Feature extraction on the lower hemisphere.
(c, f) Comparison in the polar map.

Figure 8 shows the scattering fields of the parameter |sind|
from four different side angles. For each angle of view, we mark the
extraction range of light intensity with dotted lines as virtual axis,
and compare the scattering light intensity curves between AuNP
and AuNP+Virus. By comparing the intensity curves, it is found the
scattering characteristics are represented in the two pairs of
azimuth angles of spherical space. One pair is at the azimuth angle
of81°and 261°, and the other pairisat 171° and 351°. In side space,
the scattering information of AuNP shows symmetric distribution,
while that of AuNP+Virus is fairly asymmetric.
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Fig. 8. Spatial scattering characteristics of parameter |sind| in side space. (a-
¢) View angle (81°, 5°). (d-f) View angle (171°, 5°). (g-i) View angle (261°,
59). (-) View angle (351°, 5°).



Through the analysis of scattering fields of two polarization
parameters ¢ and |sind|, which have their own specific spatial
modulation directions, it is explicit that the scattering fields of
AuNP+Virus are different from those of AuNP. Thus we can use the
information of the peak values in these specifical spatial directions

to identify the virus particles in theory. We also briefly analyzed the
simulation of ellipsoidal virus particle binding to gold virus particle
in DGTD and the comparison with results related to spherical virus
particle is presented in Supplement 1.

4. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Polarized Fields on CCD Plane

Figure 9 shows the dependence of angles of the input polarized light
on the normalized intensity values of ten images collected by the
PIMI system. The theoretical calculation using Jones matrix model
is compared with the experimentally measured data. From this
figure, the PIMI system is consistent with the Jones theory in
modulating the phase and polarization direction of scattering field.

0.7

intensity(a.u.)

0 20 40 60 80 100 120 140 160 180

angle of line polarizer (degree)
Fig. 9. The intensity curve of ten images collected from experiment
compared with the Jones model calculation.

Figures 10(a) and 10(d) are two images of real AuNP and
AuNP+Virus by transmission electron microscopy (TEM). Here, the
substrate is SiOz, and the diameters of the gold particle and the virus
particle are 100 nm and 80 nm respectively through TEM which are
taken at 200 KV on a JEM-2100.

Here, adenovirus subgroup C serotype 2 (Ad2) is used as a
virus sample for detection. Adenovirus is a type of icosahedral virus
that can infect the respiratory tract, gastrointestinal tract. The
surface of a virus is mainly fiber, penton base, and hexon. Fiber and
penton-based proteins, present at the vertices of the capsid, are
involved in cell attachment and entry. Hexon, the major component
of the icosahedral virus particle, comprises the facets of the virion
and constitutes the bulk of the icosahedral capsid [33]. Adenovirus
was purchased from Han Biotechnology co. ltd. At present, only
polarization parameter imaging of adenovirus particles has been
carried out in the experiment, and more types of virus samples will
be used to verify our results in the future.

Figures 10(b, c) and (e, f) below illustrate the polarized
parameters of nanoparticles observed using the PIMI system with
an objective, where the object space numerical aperture is 0.9, the
object working distance is 0.21mm and the magnification is 100x.
The detector uses Basler piA2400-17 gm GigE camera, and its chip
size is 2 /3 inch with chip diagonal length of 11 mm. To highlight the

modulation effect of scattering field of nanoparticles, we extracted
an image of 400x400 pixels on the CCD plane with each pixel size of
3.45um, thus the size of image is about 1.38mmx1.38mm. Figs.
10(b,c) and (e,f) also show the scattering characteristics of two
parametric images (¢ and |[sind|). They have a pair of petals with
enhanced scattering fields. The scattering fields of ¢ images are
concentrated along azimuthal angle from 126° to 306°, while the
scattering field of |sind| images are concentrated along azimuthal
angle from 171°to 351°. More importantly, we can see that both the
scattering fields of ¢ and |sind| between AuNP and AuNP+Virus are
visibly different in special angle direction.

images. (b, ¢) Two parameter images of AuNP. (e, f) Two parameter images
of AuNP+Virus.

B. Polarized Wavefront on Object Side

We know that the far-field position simulated by DGTD is on the first
surface of objective lens of object side, so we invert the CCD images
to the wavefront on the first surface of objective lens using ZEMAX
software, and the correctness of spherical simulation can be proved
by the scattering features of experimental images.

Figure 11 plots a structural model of the microscope objective,
which has the same parameters as the Olympus 100x objective
used in the experiment such as magnification, numerical aperture.
The left side of objective lens is called the image side which is the
CCD plane and the right side is the object side which is the sample
position in the experimental setup. Then we make the wavefront
calculation on the first surface in object side as shown in Fig. 11(b)
with a dotted line by the conjugate relation. From the image side to
the object side, the diameter of the exit pupil was 10.37 mm, the
distance from the image plane to the exit pupil is 5.64mm.

The optical system is simulated at visible wavelength (0.48um-
0.65um). Fig.11(c) shows the relationship between the normalized
optical transfer function (OTF) values and three different line fields
with Omm, 3.9mm and 5.5mm. Fig.11(d) shows that the absolute
value of distortion is less than 0.25%. Through the optical
transfer function curve and distortion, we can see that the
aberration of the design is within the allowable range and
such design can be used in wavefront inversion.
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Fig. 11. Schematic of the optical lens used in the object-side wavefront
calculation. (a) 100x microscopic objective lens. (b) The enlarged view to
show the surface with a dotted line which calculates wavefront. (c) Optical
transfer function. (d) Distortion.

The parameter wavefronts on the object-side surface are
obtained through the inversion calculation according to the
diameter of first surface on object-side, as shown in Figure 12. In
this way, it can be well compared with the simulated spherical
scattering field data which is an ideal spherical wavefront.
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Fig. 12. The object-side surface wavefront inversed by the objective from
experimental data. (a, b) The parameter wavefronts of AuNP. (c, d) The
parameter wavefronts of AuNP+Virus.

Through the analysis of the scattering intensity curves of the
experimental data along the circle dotted lines of curved scattering
parameter field shown in Figure 13, the experimental data mainly
presents as a pair of petals scattered fields which agrees well with
the simulated results. We also observe that the two parametric
curves of AuNP plotted with blue color is relatively symmetric,
while the two parameter curves of AuNP+Virus drawn with red
color are apparently asymmetrical, indicating that the adhesion of
virus to the AuNP causes the prominent symmetry broken of the
scattering filed and yields measurable difference in the spatial field
distributions.
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Fig. 13. The parametric curves comparison from experimental data of AuNP
and AuNP+Virus. (a) ¢ parametric curve. (b) |sind| parametric curve.

We should also point out that the transformation from near
field to far field was used in DGTD simulation, so the simulated far
field also has another pair of small lobes of ¢ and |sind|, which near
the center on the upper and lower hemisphere due to the
propagation formed in the near field. While in the experiment, the
far-field microscope cannot obtain the data of the propagating near
field, so there is only a pair of main far field lobes in the experiment.

Hence, the orientation of main scattering petals modulated in
a certain azimuthal direction with different intensities provides a
new observation basis for identifying the binding morphologies of
two kinds of different particles.

C. Poincaré Sphere Representation

The Poincaré sphere can describe all the polarized states in
scattering field. Each point on the sphere represents a state of
polarization. Linearly polarized states lie at the equator, while
elliptically polarized states fill the rest of the surface. H, V, +45, -45,
LCP and RCP represent linear horizontal, vertical, +45°, -45°, left-
handed and right-handed circular polarized states, respectively.
The original point of the sphere is unpolarized light, and the interior
of the sphere is partially polarized light except for the origin point.

In Figure 14(a), The polarization states distribution of AuNP
and AuNP+Virus obtained from simulation data are mapped on a
special spatial dimension in the Poincaré sphere. It is revealed that
the distribution of polarization states is mainly concentrated on the
upper side of the H axis, indicating that the scattering field of sample
is mainly partially polarized light. The distribution of polarization
states with AuNP+Virus is more diffuse than that of AuNP, showing
that the introduction of virus particle indeed increases the optical
anisotropy and brings new interference to the polarization
scattering field.

() Spherical monitor

(b) Plane CCD
* AuNP

a Poincaré \phcrc”
Fig. 14. Poincaré sphere mapping, (a) Polarization states from the spherical
monitor in simulation data. (b) Polarization states from the experimental
data on CCD plane.



Figure 14(b) depicts the distribution of polarization states
corresponding to the experimental data on CCD plane. The
experimental data manifests the polarization states distribution of
AuNP+Virus is different from that of AuNP and they are mainly
concentrated on the upper side of the H axis, which is partially
polarized light. At the same time, after comparison, we also can see
the spherical monitor obtains more abundant polarization states
from sample scattering, which is more advantageous in detecting
the scattering polarization characteristics of nanoparticles. The
Stokes parameters obtained by the PIMI method were used for
Poincaré sphere mapping, which could intuitively enable us to
obtain the distribution positions of all the polarization states from
the scattering field. The different scattering fields of the two kinds of
nanoparticles are well reflected in the Poincare spheres, providing
us with a basis to directly identify the existence of virus particles
from the distribution of polarization states through subsequent
statistical methods.

5. CONCLUSIONS

We simulated the multi-perspectives spatial polarized scattering of
nanoparticles using DGTD method which could improve the
collection of photons scattering information from the sample. It is
found that the PIMI scattering on the upper, lower, and side spaces
carry specific features of the sample structure, which is not
observed in the previous detection using plane monitor.

We verify the correctness of the spherical simulation through
comparison between the upper hemisphere and the wavefront
inversed from the experimental data. In the experiment, the
polarized parameters ¢ and |sind| and Stokes vector of a single gold
particle and gold-virus combination are compared in detail. It
proves that the presence of virus particles can be identified directly
from scattering distributions in the certain spatial angles.

As the results suggested, scattering photons collected from
multiple perspectives can usefully help to retrieve more structural
features of the sample. Owing to the merits of the relatively simple
measurement system, fast detection speed, low requirements on
operators and testing sites, the proposed method has marked
potential in early screening of different virus particles with high
speed and low cost in the hospital, communities and even public
streets.
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