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1 Introduction

A majority of investigations in biology and medicine carried out
over the last decades are devoted to development of methods for
studying biological objects with visualization of micromanipu-
lations at molecular and cellular scales. Noninvasive optical
trapping and moving the microobjects presume application of
approaches characterized by superhigh accuracy' used for inves-
tigations of biomarkers,” DNA molecules,>* myosin,’ kinesin,®
etc. As a rule, controlled manipulations of microobjects are per-
formed using optical tweezers. (This approach and term have
been proposed by Ashkin in 1970.7) At present, a set of tech-
niques is available for manipulation of biological objects and
microparticles using optical and magnetic tweezers, as well as
atom-force microscopy and raysounding of cells. Specifically,
the optical techniques provide noninvasive, contactless trapping
of microparticles or organelles in cells, by transfer of the linear
momentum from a photon. Optical tweezers are used as the pri-
mary tool in biophysical investigations® for measuring the dis-
solving, studying kinetochore-microtubule interaction’ and
quantifying intercellular interactions.'® Traditionally, an optical
trap is a sharply focused laser beam formed by a microscope
objective with a high numerical aperture, which enables control
of position and motion of microobjects by applying optical
force. The magnitude of the optical force is on the order of a
few pN, and the physical mechanism of the action of this
force creates the interaction of EM radiation with the induced
dipole momentum of the dielectric particles. Transfer of the lin-
ear momentum from light to particles depends on the optical
properties of the controlled microparticles and on the phase dis-
tribution and polarization of the probing beam.

Taking into account optical diffraction, the study of small-
sized systems is delicate due to limitation on the maximal

*Address all correspondence to Oleg V. Angelsky, E-mail: 0.angelsky @chnu
.edu.ua
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magnitude of the energy density achieved in optical tweezers
for a fixed radiation power. This limitation is of importance for
biological samples, which can be destroyed by high-power
radiation.

Widespread plasmonic optical tweezers,!! so-called plas-
monic nanotubes with metallic nanoantennas, are used for
amplification and concentration of energy of optical fields
within deep subwavelength gaps. This provides high magni-
tudes of the intensity gradient in the near field and results in
growing optical forces for a fixed input radiation power, being
lower than the threshold for biomaterial damage by two to three
orders of magnitude.

Therefore, it is of importance to search for techniques for
manipulation of biological microobjects at the cell scale in
vivo, by the use of physiological permeability of biomembranes.
The use of optical tweezers for trapping and manipulating eryth-
rocytes in blood capillaries makes it possible to clean microves-
sels and renew their permeability owing to combination of the
results of biological investigations in vitro and in vivo.'? The
ability of laser radiation to penetrate biological tissues enables
creation of systems for noninvasive manipulation of biological
micro- and nano-objects in living organisms, including realiza-
tion of controlled spatial motion of such objects, while avoiding
tissue destruction.

Here, we investigate the influence of laser radiation on eryth-
rocytes (red blood cells, RBCs), both for optical trapping and
moving, and for realization of precise control of such objects
at the nanoscale level, providing desirable velocity of motion
in the evanescent field due to changing polarization of a laser
beam and change in illumination conditions. This approach ena-
bles control of blood vessels using low-power laser systems and
gradual renewal of blood supplying necrotic tissues. Evanescent
waves excited above the interface of two media with different
refraction indices are the complementary source of optical
forces that can be employed for manipulation of microparticles
in a broader range of applications than conventional tweezers.
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Note, special attention is paid to waveguide structures, optical
fibers, and optical fiber-based structures such as trapper, subwa-
velength wire, and fiber-ring, providing control and capturing of
isolated molecules, microspheres,13 and massive dielectric
particles.'*! Investigations in 2011'> have demonstrated the
possibility of using a defect-decorated optical nanofiber for tar-
geted delivery of nanoparticles. Progress of diagnostic and
therapeutic techniques used in practical medicine promotes fur-
ther search for tools for controlled movement of nano-objects,
including RBCs in biological systems.

Developing the approaches proposed in the given paper, one
can either look for the conditions for the realization of an evan-
escent wave at the interface of the derma-blood vessel (RBS),
thereby providing noninvasive methods for controlling the
erythrocyte motion, or taking invasive intervention with a
pointed rectangular fiber and correctly selected refraction
index. This facilitates the realization of vertical spin of the evan-
escent wave for erythrocyte manipulation.

Thus, the purpose of this work is to study the influence of the
optical evanescent wave on erythrocytes, including experimen-
tal demonstration of controlled location and motion of a cell,
depending on the illumination conditions.

2 Simulation of Interaction of Erythrocytes
with an Evanescent Wave

Intense investigations of the optical forces acting on micro- and
nanoparticles localized near interface of two media are carried
out here for elucidating the distribution of the components of an
optical field above a microstructured surface. Complex geom-
etry of a surface and surface inhomogeneities may considerably
reinforce the optical forces and cause appearance of new com-
ponents connected, in part, with manifestation of the extraordi-
nary vertical spin angular momentum of an evanescent wave. '®
Miniaturization of the optical traps leads to creation of con-
trolled microspheres, which act as micropumps and switches.
From this standpoint, the paper'’ is of special interest devoted
to the study of the behavior of microparticles located at the dis-
tances of a few micrometers from a surface, viz. at the evanes-
cent field where one must take into account both optical and
hydrodynamic surface effects. Taken together, this provides
the description of complex motion of the particles captured
by an evanescent wave in two-dimensional representation,
with formation the trace as an elliptic form at the plane of extinc-
tion of an evanescent wave.

Meanwhile, in the case of isolated erythrocytes, the question
on feasibilities for controlled motion of these cells using an
evanescent wave excited at the boundary “prism-blood plasma”
remains unsolved. To enhance the feasibilities for noninvasive
control of RBCs using laser radiation, we propose to excite an
evanescent wave using a linearly polarized wave with an azi-
muth of polarization 45 deg, enabling realization of transversal
spin flows in the evanescent wave and controlled spatial (trans-
versal) motion of erythrocytes.

As arule, various biological microobjects can be localized in
different media. The control of such microobjects calls for the
use of a large set of optical forces to provide directional action
on the controlled object. These forces can be evaluated within
the framework of the relevant optical theory. Theoretical models
and experimental approaches approved up to now enable prog-
nosing the behavior of objects of different shape, such as
spheres, cylinders, and objects of more complex shapes, in opti-
cal traps and tweezers.
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Here, we focus our attention on erythrocytes. The normal
human erythrocyte has the shape of concavo-concave disc.
The diameter of an erythrocyte is 7.82 £ 0.62 um, and its min-
imal and maximal thickness at the center and at the limb are
0.81 +0.35 and 2.58 £ 0.27 um, respectively. The mean mag-
nitude of the cell volume of an erythrocyte is 94 & 14 ym?, and
the mean magnitude of the cell surface area is 135 + 16 um?.
The mentioned sizes of an erythrocyte are estimated from meas-
urings on photomicrographs.'® The model of concavo-concave
disc corresponds well to native erythrocytes experimentally
proven.'” Erythrocyte can be deformed in a shearing flow,
where its shape becomes ellipsoidal.”’ Considering an erythro-
cyte as a uniforn disc with the mean erythrocyte volume, one can
use the concept of single light-scattering by a cell where the cell
organelles and the cell membrane are believed to be thin enough
to neglect their influence of its real thckness on the light scatter-
ing properties. The Mie theory of light scattering applied for
such cases provides a comprehensive description of the energy
transfer to the erythrocyte.'®

e Modeling of an erythrocyte by a disc facilitates the deter-
mination of an algorithm that represents a cell in an evan-
escent. We are interested in understanding the transversal
motion of such a cell. This becomes possible, if the prob-
ing wave is linearly polarized, with the azimuth of polari-
zation £45 deg. An elliptically polarized evanescent
incident wave introduces a vertical spin angular momen-
tum. This introduces transversal and longitudinal forces,
inducing motion of the erythrocyte.

In contrast to previous studies of induced longitudinal
motion induced by an evanescent field, we will here study trans-
versal motion. This motion may be introduced by a combination
of the incident field and its polarization. Therefore, rotational
motion of an erythrocyte is not the subject of study in this
work, while such motion has been investigated and experimen-
tally proven.?!

Let us consider the theoretical model for exciting the trans-
versal spin of an evanescent wave, as well as the densities of the
spin and orbital flows compared with the experimentally
observed rectilinear motion of a cell.

Observation of motion of isolated erythrocytes in whole blood
is hampered by high concentration of cells. Concentration of
erythrocytes is diminished using an isotonic solution. However,
the simplest use of physiological solution is not practicable due to
the lower viscosity of the solution changing the elasticity of eryth-
rocytes. Consequently, we diminished the erythrocyte concentra-
tion using the natural medium of cells, viz. a blood plasma.
Following this approach, both computer simulation and experi-
mental demonstration of erythrocyte motion are carried out in
blood plasma with refractive index (ny, = 1.37). To realize the
total internal reflection, we use a flint prism with an index of
refraction n,. = 1.61, above which an erythrocyte with the refrac-
tion index n, = 1.407 is located'® in the blood plasma. To avoid
the temperature effects and irreversible temperature changes due
to heating and destroying cells under illumination, one sets the
power of radiation below 100 mW and the pulse cycling of
about 1 us.

An evanescent wave (Fig. 1, III) formed above the prism sur-
face (Fig. 1, 1) penetrates into the erythrocyte (Fig. 1, 3) and
creates an inhomogeneous intensity distribution in the XZ-
plane, which is connected with the penetration depth for the
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Fig. 1 Arrangement for realization of rotational motion of an erythro-
cyte (3) in the evanescent wave (lll). S: spin angular momentum of an
evanescent wave; ¢ determines the direction of the torque on the
erythrocyte (3) localized in blood plasma (2) above the prism surface
(1). y: the angle of incidence of linearly polarized light wave (4) E, with
the azimuth of polarization 45 deg with respect to the plane of inci-
dence at the interface “prism-liquid,” where the conditions of the
total internal reflection are fulfiled. Inset (I): transversal cross-section
of an erythtocyte with depicted facets used for simulation (N being the
total number of facets). Lower inset (Il): image of the area of an eryth-
rocyte surface (1:64) with depicted facets in the XOZ-plane.

corresponding evanescent wave d, = [%} The

27y 4 /sin y—(ﬁ":)z
the angle of incidence of the beam at the prism surface is y.
By changing the angle of incidence and the wavelength, one
can control this depth up to 0.9 ym. For the azimuth of polari-
zation of the incident wave 445 deg, the evanescent wave,
being elliptically polarized, has a torque (z) causing rotation
of an erytrhocyte (Fig. 1).

The geometric parameters of an erythrocyte, used for
modeling the cell shape are: D =72 pum; h=2.1 ym;
b =0.9 ym; ¢ = 4.74 um (Fig. 2).

Estimations for objects of complex shape (such as an eryth-
rocyte) through simple analytic computations of interaction of
an evanescent wave and a cell are difficult,” being connected
with considerable errors. Therefore, the following approach is
proposed for modeling of an erythrocyte and determination
of the conditions of interaction of a cell with an evanescent
wave, here describing the erythrocyte shape as the set of facets
of equal areas 0.01 ym?. The chosen size of the facets is neces-
sary and sufficient for the description of the erythrocyte surface
interacting with an evanecent wave. In respect to the transversal
size h of an erythrocyte, 1/3/ takes part in the interaction of the
cell and the evanescent wave. One computes the components of
the optical force F,, F,, F, and the magnitude of torque 7 for
each facet. In doing so, one takes into account the angle of inci-
dence of radiation at the corresponding facet and optical char-
acteristics of the erythrocyte surface. Computer simulations
were carried out for 3340 facets interacting with an evanescent

22,23

/L
o

L y¥0z R
~ gl

Fig. 2 Transversal cross-section of an erythrocyte. D, h, b, c: param-
eters of an erythrocyte used in simulation.
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wave adding up the derived components of the optical force for
three directions for each facet. In the same way, one computes
the resulting magnitude of torque. During simulation, the coor-
dinates are obtained from the following equation describing the
shape of an erythrocyte as a concavo-concave disc:??

(422 +28( +22) % +x* + P(y* +2°) + 0 +R=0.
(0

Correspondingly, the parameters P, O, R, and S can be
determined as

D> b*h? b*c*
P = = + )
4 4D*>  4AD*(h* - b?)
0 _ D*+4D’P - "
N 4b* '
D*
R =—-—"—(D?*+4P),
242P
s

Let us set the coordinates XYZ with the origin at point O
(0,0,0), as it is shown in Fig. 2. The coordinates of facets are
measured from this point to right and to left along the axes
OY and OZ with the stepsize 0.01 ym. This step size provides
the optimized condition for computer simulation. Following
Eq. (1), for each (y, z) position, one determines the magnitude
x for the point at the erythrocyte surface. The areas of the facets
chosen for simulation (~0.01 ym?) are determined using com-
puter fitting. The upper magnitude of the coordinate along the X
axis is chosen in correspondence with the preliminary estimated
depth of penetration of an evanescent wave into the erythrocyte.
The use of software Mathematica enables such division in tri-
angular facets of equal areas, with determination of the apex of
each facet, which is used for simulation of the erythrocyte sur-
face. Using the mentioned software, one can estimate the coor-
dinates of the each point of a facet, as well.

The obtained set of facets is distinct in its spatial position in
the specified coordinates XYZ (Fig. 3). Each facet is marked by
its normal orientation and by the angle of inclination of a facet,
a;, to the YOZ plane. In addition, the facets are also different in
the angle of rotation f; with respect to the XOZ plane.

X0z

XOoY

Fig. 3 Model decribing the incidence of an evanescent wave E,, at
the i'th facet (A;B;C;) of (1) the erythrocyte surface. XYZ are the
coordinates determined by the condition of formation of an evanes-
cent wave, corresponding to Fig. 1. (2) normal at the point of incidence
of the beam 3 at facet 1. The angle of incidence of the beam at the
facet, y;, determines the plane of incidence 4 making angle ¢; with the
Y OZ-plane and angle §; with the XOY'-plane.

May 2019 « Vol. 24(5)



Angelsky et al.: Peculiarities of control of erythrocytes moving in an evanescent field

Let us arbitrarily consider the i’th facet whose apexes are
determined as A; (Xa;, Yai2ai)s Bi (Xpi,Ypi-zpi), and C;
(x¢is yeis zci)- Then, the plane containing this facet can be deter-
mined as a;x + b;y + ¢;z+ d; = 0, where the coefficients a;,
b;, ¢;, d; are

NG
>
|
<
o
N
=
|
Al
>
~
+
—
~
=
|
NG
>
~—
—~
N
o
|
Al
>
~

Here, the normal vector for the specified facet is determined

by 1;(a;, b;, ¢;). Then, the angle of inclination for the specified
lai|

22y 2
\/ @i +bi+c;

facet, a;, is given by cos a; = and the angle of

|ei]

An evanescent wave propagating along the OZ direction
reaches the specified i’th facet and makes some angle y; with
the normal to this facet at the point of incidence of a beam
(Fig. 3). If the vector determining the direction of propagation

rotation by cos f; =

of the incident beam is determined as I;(0,0, ¢;), then
CI
cos y; = 7\/%

The three coordinates for the specified facet determine the
point of incidence of a beam onto the facet, being arbitrarily
chosen. Consequently, the normal and the incident beam deter-
mine the plane of incidence, and one can use the Fresnel equa-
tions to compute the components of the electrical field of the
reflected and refracted waves, and to determine the angle of inci-
dence, y;, between the beam and the surface normal.
Correspondingly, one can estimate the refraction angles, ¥/,
for the incident beam at the each facet. The orientation
of the plane of incidence with respect to the horizontal
YOZ plane, i.e., the angle ¢;, can be estimated by
cos @; = \/%, calculated during the computer simula-
tion. Correspondingly, one can determine the orientation of
the plane of incidence with respect to the vertical XOZ

ai-ci|
v u?“c‘%b?-v?'
sition from one facet to another is accompanied by the change of
energy of an evanescent wave proportional to cos «;.

An evanescent wave, being excited above the interface, can
be described by the following equation:**

plane, i.e., the angle §;, giving cos §; = Note, tran-

1

\/ l+\m\2
d m

—m__k

Eow =E “/impk
1 _x
\ 1+|m|? k.

exp(—«kx)expli(k.z —wt)].  (2)

Here &k, = k:—"‘l siny is the propagation constant;
k=ky/(?=)%sin?y —1 is the exponential decay rate;

Mol

T . . .
m= T—;ml is the state of polarization of an evanescent wave,”

where m; is the state of polarization of the probing beam
impinging on the interface “plate-air,” being equal to unity for
linear polarization with the azimuth of polarization 45 deg; y is
the incidence angle on the surface, where total internal refection
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takes place; and k is the wavenumber for the incident wave. The
electrical field strength of an evanescent wave is
E =k [k, /MTE,, where T = AT HmPITL P expli arg T/]
z u 0> \/W //
is the transmission coefficient,?® T, and T, are the Fresnel
transmission coefficients, and Ey and w are the strength and fre-
quency of the electrical field of the incident wave, respectively.
At the coordinates XY Z, for the plane of incidence one can
write the components of the electrical vector of the reflected and
refracted waves following the Fresnel equations. Therefore, for
the reflected wave and the i’th facet one has

[Eévx}i = [r//]l‘ : [Eev//L' sin Vi sin Pi,

[Egvy]i = [r1]i[Eevi]; cos @; sin &;,
[EL,)i = =1r/)l; - [Eevy/]; cos v cos @; cos &;.
[r/)], = Mer COS 7= Mot €O ¥
= _ 1
Here { Lt Sn i are the reflection coeffi-
[rili = oo rmacos 7

cients providing computation of energy of the reflected evanes-
cent wave at the i’th facet, i.e., the share of energy that is not
involved in the formation of the components of the optical force,
and determination of the part of the energy of the refracted wave
resulting in spatial motion of the erythrocyte.

For the refracted evanescent wave, the components of the
complex amplitude are written as

[Eévx}i = [t//], : [Eev//],‘ - sin yf sin ?i,

[Elyvy]; = [t1];  [Eeyy]; cos @; sin &;.
[Ely.); = =[t)/]; - [Eevy/], - cos 7} cos @; cos &;.
[t))], = — a0 1
Here, Pt S are the refraction coeffi-
[ l}i = Ter cos 7'+l €OS 7;

cients for the parallel and perpendicular components of an
evanescent wave that impinges onto the i’th facet of an eryth-
rocyte. [Eey//]; ([Eeyi];) are the components of the electrical
vector of the incident evanescent wave at the plane of incidence,
at the i’th facet. Hence,

[Eey//); = Eey + (cOs @; sin? §; sin y; + cos @; cos? §; sin y;
—sin? ¢; cos 7;),
[Eey1]; = Eey - (cos @; sin? §; cos a; + cos ¢; cos? §; sin ;

. 2 .
+ sin” ¢; sin a;)

are the fields for the i’th facet.

Determination of the optical force in the Y OZ plane with the
components in the longitudinal and transversal directions (what
is typical for an evanescent wave) for the azimuth of polarization
of the incident wave +45 deg requires computation of the den-
sity of the spin and orbital angular momenta at the directions OY
and OZ. The components are initially computed for each facet
and then the corresponding components are summed. The mag-
nitudes of the components of the refracted evanescent wave at
each facet are used for obtaining the estimation of the spin
orbital momentum density and the orbital angular momentum
density in the longitudinal and transversal directions. The spin
angular momentum density in this case is expressed as in
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Refs. 25 and 26, [p,], = =V x Im[[EL], x [EL,],]. Here,

~ l6rw
[EL,]; is the transmitted evanescent wave interacting with the
i’th facet of the erythrocyte. This expression contains both
the longitudinal and transversal components.?? The orbital angu-

lar momentum is given by [p,]; = gt Im[[ES], - (V)[EL]].
The orbital (canonical) angular momentum caused by light pres-
sure determines a force transferred to a cell in the direction of
propagation of an evanescent wave.

Thus, the resulting momentum density in the OZ-direction is

given as

[t//]? - cos?y! - cos &7 - A2
[pz]i = [poz]i + [psz]i = /L

8w

m2kr k2 K>
k, +t—+—) —-2— —2Kx),
[ (k47T ) -2 i)

and the transversal momentum caused by the vertical spin

[1,]F-sin 83-A% pe

becomes [p,]; = [py,]; = “ Im m exp(—2«x), where

i i 4w k
cos ¢;

V 14|m|? )
Let us compute the optical force F; acting on each facet of an
erythrocyte. We use the Mie light-scattering theory, under which

approximation,® F, = Ap;S,, where Ap; is the change of
momentum density at the corresponding facet S; interacting
with the evanescent wave for i = 1 to N, where N is the number
of facets. Thus, obtained A[p,], and A[p,]; make it possible to
calculate components of the optical force [Fy]; and [Fy];.
The refracted evanescent wave in the OX-direction for
each facet i also forms some component of the optical force
in this direction, which can be computed using the relation:

[F.; = jﬁ([?x}iﬁdSi, where ﬁ"x],- is the component of the
time-averaged Maxwell’s stress-vector

s € = =l * 2 2 *
(T =2 {IELEL] + BB

1 _,
- UELF + @B . G

computed for the i’th facet in the OX-direction. Here, I is the
unit matrix, 7 is the surface-normal vector, B, = /gy EL, is the
magnetic inductance vector for the evanescent wave, and ¢ is the
media permittivity.

Inhomogeneous in intensity refracted evanescent wave
caused by the action of the gradient force [F wrad]; = —3nV[EL]?
is connected with the direction of propagation of the beam
refracted at the i’th facet of the beam. The total component
of the optical force in the OX-direction for the i’th facet is
[Fx]; = [F\]; + [Foraax],- The next calculation step consists in
recalculation of the found set of optical force components for
each of the specified facets, [Fx];, [Fyl;, [Fz];» into the resulting
components, by summation of the corresponding force
components over all facets of the erythrocyte surface,
Fp =YV [Fulim=X.Y.Z.

The computed results show that the magnitude of the com-
ponent of the force Fy is not large enough to provide the vertical
motion of an erythrocyte, which is by several orders of magni-
tude smaller than the magnitude of the longitudinal component,
and therefore has no influence on the spatial motion of a cell.
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Fig. 4 Dependence of the magnitude of the torque resulting from
action of an evanescent wave on an erythrocyte as a function of
the angle of incidence of the laser beam onto the prism.

The estimated ratio of the components of the optical force in the
longitudinal and transversal directions also shows that the longi-
tudinal force component (in the OZ-direction) is much larger
than the transversal component. Thus, a rectilinear motion of
investigated erythrocyte i observed in the longitudinal OZ-
direction. For visualization of such a motion of a cell in the
OY-direction, illumination of an erythrocyte by one wave is
also not a sufficient condition, forcing the search for alternative
approaches for demonstration of such motions. The action of an
evanescent wave on erythrocyte in this model experiment also
manifests itself in an observed rotational motion of a cell with
respect to its axis of symmetry.

“

Let us use the relation 7; = [(7; X (T;)) - Ad*r; for comput-
ing the torque of an erythrocyte (Fig. 1) for the i’th facet. Here,

T; is the above represented Maxwell’s stress-tensor [Eq. (3)]
computed for the specified facet, 7; is the position vector
drawn from the axis of rotation of an erythrocyte, OO’, to
the point of application of the optical force of an evanescent
wave at the specified facet of the cell surface. The resulting
torque of the force, 7, is equal to the sum of momenta of the
force transferred to separate parts (facets) of an erythrocyte
accounting for the direction of rotation, i.e., 7 = va 7;. The
results of calculation are presented in Fig. 4.

3 Modeling of Controlled Transversal Motion
of Erythrocyte

For observation of the controlled transversal motion of an eryth-
rocyte in the Y OZ-plane (which is possible only if the transver-
sal components of the evanescent wave are active), we propose
to implement the model arrangement shown in Fig. 5, where two
oppositely directed evanescent waves of the same amplitude and
frequency are formed above the prism. In the model experiment,
the longitudinal components of the optical force of the evanes-
cent waves onto the erythrocyte are compensated, so that only
the transversal components are added. Let us emphasize, the dis-
cussed effect only becomes possible if one uses two linearly
polarized incident waves with the azimuths of polarization
+45 deg with respect to the plane of incidence, so that two
oppositely directed evanescent waves are of the same elliptical
polarization.

In accordance with the above represented scheme for com-
putation of the optical force generated by the evanescent wave,
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Fig. 5 Two linearly polarized beams | and Il with azimuths of polari-
zation 45 deg with respect to the plane of incidence are incident on
the prism at the angle y. Here, 7(1, RZ are the wavevectors of the inci-
dent beams; F 4, Fyx2, Fy1, Fy2, F,1, and F,, are the components of
the optical force of the evanescent waves Eg,4 and Eg,; OO’ is the
axis of symmetry of an erythrocyte. N = 1..i is the number of simu-
lating facets.

one determines the force components F,,; and F,, for the first
(I) and second (I) (Fig. 5) evanescent waves acting on the eryth-
rocyte. As the preliminary simulation shows, the incidence of
the beams onto the surface of a prism, where total internal reflec-
tion appears, must be symmetrical with respect to the axis of
symmetry of an erythrocyte OO’.

Let the polarizations of the two beams be the same, i.e., the
azimuths of polarization of both beams are equal to +45 deg or
—45 deg. Thus, for the symmetrical incidence of the beams,
both the total longitudinal component of the optical force,
F,=F; + Fz, and the total transversal component,
Fy = Fy, + Fy,, become equal zero. Fy,y,, Fz 7 are the
transversal and longitudinal components, respectively, of the
evanescent waves excited by the linearly polarized incident
waves with azimuths of polarization +45 deg. Evanescent
waves formed above the prism surface are elliptically polarized,
with the same direction of rotation of the electric-field vector,
each of which has torque, as has been shown above (cf.
Figs. 1 and 4), which is inherent in the vertical spin of an evan-
escent wave. Such action results in the total torque that is twice
as large for the chosen angles, see Fig. 4.

Formation of the transversal component of the optical force
and demonstration of its directional action presumes the use of
two linearly polarized incident beams whose azimuths of polari-
zation are orthogonal, viz. +45 deg and —45 deg (cf. Fig. 5).
Elliptically polarized evanescent waves with the opposite direc-
tions of rotation of the electric field vectors compensate the
resulting rotational motion of a cell and provide the condition
for observation of a rectilinear motion of an erythrocyte.

In accordance with the conditions of modeling, for compen-
sated longitudinal component F; = F; + Fz,, one observes
strengthening of the transversal component, which can be visu-
alized experimentally. The magnitude of the transversal compo-
nent and its influence on the characteristics of motion of a cell
depend on the angle of incidence of waves on the erythrocyte
surface and determine the velocity of a cell’s spatial motion. In
Fig. 6, we represent the graphic demonstration of changing
transversal component of the force depending on the angle of
incidence. Here, Fy = Fy; + Fy,. This enables variation of
the spatial position of an erythrocyte. Let us assume that the
transversal forces formed because of the action of an evanescent
wave do not cause deformation of a moving erythrocyte. The
maximal magnitude of the resulting optical force occurs for
an angle of incidence of 63 deg. The parameters of erythrocyte
shape used in simulation have been obtained from the experi-
mental data.”
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Fig. 6 Evolution of the transversal component of the optical force at
an evanescent feild.
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Fig. 7 Velocity of an erythrocyte in the transversal direction depend-
ing on the angle of illumination: 1 — 60 deg; 2 — 62 deg; 3 — 66 deg.

In the previous, we have argued for the feasibility for control
of spatial (transversal) motion of the studied microobject.
Transversal motion of an erythrocyte in blood plasma is caused
by the action of the resulting force F = Fy, + Fy, where
Fop = Fy is the optical force. At low Reynolds numbers, the
damping factor or drag coefficient can be estimated by approxi-
mating the disk shape of erythrocyte by a sphere of the same
cross-sectional area,”’ then F,, = 3zyDv is the Stokes force.
Here, 7 =1.236x1073 Pa-s is the dynamic viscosity of
blood plasma, D is the diameter of the corresponding cross sec-
tional area of the cell, and v is the velocity of an erytrhocyte.
While m % = F 4+ 3znDv, one can determine velocity of eryth-
rocyte in a solution at the transversal direction as a function of
time (Fig. 7), by comparing the theoretical and experimental
results.

In the course of time, the velocity of an erythrocyte is exper-
imentally detected while changing the angle of illumination.

4 Experimental Demonstration of Transversal
Motion of Erythrocytes into Evanesent Field

The results of computer simulation of moving erythrocytes in an
evanescent field will now be supported experimentally. A blood
plasma® is prepared by centrifugation of fresh venous blood at
room temperature. Initially, a whole blood (1500 g) is centri-
fuged during 10 min, which results in separation of sedimented
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Fig. 8 Optical arrangement for study of moving erythrocytes in an
evanescent field: (1) laser; (2) beam expander with a spatial filter;
(3) quarter-wave plate; (4) beam splitter; (5) mirrors; (6) polarizers;
(7) total reflection prism; (8) cuvette with erythrocytes; (9) LED dis-
play; (10) microobjective; (11) light filter; and (12) CCD camera.

erythrocytic masses from plasma. Further, a second centrifuga-
tion (1500 g) during 10 min is carried out at room temperature
for removing residual cells, such as thrombocytes. Then, blood
from a finger (0.5 pg) is diluted in 1 ml of blood plasma. The
prepared suspension (50 ul) is placed in a hermetic cuvette con-
sisting of a cover glass of 0.15 mm thickness and the total reflec-
tion prism at the distance 0.05 mm. To avoid adhesion of
erythrocytes, a cover glass and the prism surface are sequentially
washed out in a solution of surface-active material, in 96% ethyl
alcohol, then in deionized water, and finally in 3% solution of
hydrogen peroxide, and then dried and washed out in 2%
solution of human albumin.
The optical arrangement for the experimental demonstration
of erythrocyte motion in an evanescent field is shown in Fig. 8.
The radiation from a semiconductor laser 1 with wavelength
= 980 nm and power 1 W passes the beam expander 2 con-
sisting of two objectives and a micron-scale pinhole as the
spatial frequency filter. We varied the radiation power from 5
to 500 mW. The beam with a plane wavefront passes a quar-
ter-wave plate 3 and becomes circularly polarized. After
beam splitter 4, two beams of equal intensities are reflected

by the mirrors 5 to the total reflection prism 7. Polarizers 6
form the orthogonally linearly polarized beams with the azi-
muths of polarization 45 deg, which fall on the interface
glass-blood plasma. In a cuvette 8 with erythrocytes, two oppo-
sitely directed evanescent waves of equal intensities are formed.
Moving erythrocytes are observed in white light from a LED
display 9 using a microobjective 10 (magnification 60%) and
CCD-camera 12. Light filter 11 cuts off radiation from the
IR laser.

We studied rectilinear motion of an erythrocyte in one evan-
escent wave, when the right beam in Fig. 8§ is blocked (Fig. 9),
and into two oppositely directed beams (Fig. 10). The motion of
an erythrocyte in one evanescent beam is shown in Fig. 9 for the
frame frequency 2 Hz and radiation power 100 mW. The speed
of motion of an erythrocyte is about 35 ym/s. An erythrocyte
travels along the direction of propagation of the evanescent field.
At the same time, one observes also some transversal motion of
an erythrocyte with the speed 4 ym/s, approximately, which is
caused by the transversal component of the force F influencing
erythrocyte in the evanescent field. This situation was previ-
ously theoretically predicted.

Motion of an erythrocyte in opposite evanescent waves is
shown in Fig. 10.

The frame frequency equals 1 Hz. One observes only trans-
versal motion of an erythrocyte with a speed 6 um/s, approx-
imately. The longitudinal moving is compensated by the
opposite beams, while the transversal moving for linearly polar-
ized beams with the azimuths of polarization +45 deg doubles,
in agreement with the theoretical prediction. One observes cor-
relation of the results of computer simulation and the experi-
mental study with a discrepancy not exceeding 30%.

Such a discrepancy is explained by the influence of various
kinds of factors on the purity of the experiment. More specifi-
cally, the experimental solution with RBC was insufficiently
clean, i.e., the presence of inhomogeneities giving rise to scat-
tering was observed. This determined the second action from the
evanescent wave on the object. In addition, our experimental
realization assumed the change of the azimuth of polarization
of the evanescent wave from +£45 deg (that was about 2% to
3%), which determined one of the possible causes of the exper-
imental error as well.

5 Conclusion

A specially chosen theoretical model for exciting an evanescent
wave and calculation of its impact on an erythrocyte has pro-
vided the conditions for rectilinear and rotational motion of

0s 0.5s 1.0s 1.5s
20s 25s 3.0s 35s

Fig. 9 Motion of an erythrocyte in one evanescent wave. The frame frequency is 2 Hz. The dotted circle
indicates the initial position of the erythrocyte, and the dotted arrow indicates the direction of the eryth-

rocyte motion.
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4s S5s

6s 7s

Fig. 10 Motion of an erythrocyte in opposite evanescent waves. The frame frequency is 1 Hz. The dotted
circle indicates the initial position of the erythrocyte, and the dotted arrow indicates the direction of the

erythrocyte motion.

an isolated erythrocyte. It has been shown that, for the specified
experimental conditions, the longitudinal motion of an erythro-
cyte is compensated, accompanied by an increasing transversal
component of the optical force manifesting itself in controlled
transversal red blood cell motion. The speed of transversal
motion of an erythrocyte has been evaluated both theoretically
and experimentally. Specifically, the discrepancy between the
theoretical and experimental results does not exceed 30%.
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