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The idea of the proposed paper is a demonstration of the evanescent wave effect on nano-objects of inorganic and organic (in particular, formed blood elements) origin localized in a biological medium, in the direction perpendicular to the direction of the Pointing vector action. On the one hand, this opens up (illustrates) new possibilities in the optical control of the direction of motion and speed of the studied nanoobjects in a layer of biological fluid. On the other hand, the very choice of objects of this type suggests the possible prospects for their use in biology, medicine, pharmacology, and precision chemistry. So, in particular, gold nanoparticles, being non-toxic to the body, are able to penetrate through the cell biomembranes, accumulate in them, thereby contributing to the diagnosis of the cell state with subsequent optical exposure to them, up to destruction in case of cancer pathologies. The role of red blood cells (RBS) in the body is generally unique and controlling their motion contributes to the complex saturation of tissues with oxygen. The choice of just the evanescent wave is explained by the need for near-surface manipulation of optical energy flows, which is especially important in the situation of studying biological complexes and structures. Exclusive manifestation of the evanescent wave action became possible under specially selected experimental condition of evanescent wave exitation. A total internal reflection was realized at the interface between the prism and a biological medium by a linearly polarized wave with the azimuth of polarization of ±45°. The result of such an excitation mechanism was a complex distribution of the optical flow density, which is accompanied by a change in the energy density both in the longitudinal direction coinciding with the direction of the wave vector and in the transverse direction perpendicular to the wave vector. The paper summarizes the latest theoretically and experimentally obtained results illustrating the rectilinear and rotational motion of investigated objects in a biological environment.
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INTRODUCTION

At the turn of the 20th and 21st centuries, structured optical beams became especially attractive because they possess the unique properties that allow them to be used in modern technologies for manipulating micro and nano-objects by controlling the parameters of the beam itself.

Recent studies [1–3], devoted to the investigation of evanescent waves, have revealed a set of properties that demonstrate the extraordinary action of these waves. Traditionally, such an action is detected and evaluated only when the wave interacts with an object or substance. Typically, the electromagnetic wave possesses linear momentum and angular momentum [2–5].

Unlike the traditional classical electromagnetic wave, evanescent waves are characterized by a richer and rather complex structure of local moment components and spatial distribution of the spin. The evanescent wave carries helicity independent transverse spin and helicity dependent transverse spin momenta. The study of the momentum distribution and their manifestation as the acting optical force or corresponding rotation mechanism has been given exceptional attention recently [1, 2, 5–7].

For structured fields, which include evanescent fields, helicity dependent force, determined by the density of the corresponding momentum, is directed perpendicular to the wave vector, proportional to the ellipticity of local polarization, and determines the direction of motion of the studied object in the direction different from the wave vector.

A feature of the helicity dependent force manifestation, proposed for consideration in this paper, is the result of the excitation of an evanescent wave at the interface of a prism—biological medium by the linearly polarized wave with the azimuth of polarization of 45°. In this case, helicity dependent force can be represented by a set of components, one of which is oriented along the wave vector, the other is perpendicular to it. The transverse spin component of the evanescent wave is realized in this case. The value of both the transverse and the longitudinal components substantially depends on the polarization of the incident wave and, accordingly, on the polarization of the excited evanescent wave.

Recent works [1, 6–12] are devoted to the study of the action of the transverse component of the optical force on micro and nano-objects, in which—in particular—the possibilities for controlling and manipulating micro-objects of biological origin are described [8–10, 13]. In this connection, evanescent waves are of particular interest, as they are confined in a thin layer propagate along the surface and are able to transmit their own angular momentum to the nano-objects localized on the surface, thus setting a certain direction of their displacement.

The dynamics of the spatial displacement of nanoobjects in an evanescent field can be realized due to specially selected experimental conditions, i.e., the angle of incidence of the beam at which the TIR condition is executed/broken, the value of the azimuth of polarization of the beam at 45°, under which the transverse component of the optical force generated in the evanescent field will determine the preferred direction of motion of the investigated object.

The aim of this work will be the presentation of generalized results describing the action of the transverse component of helicity dependent optical force from the evanescent field on bioobjects and nanoscale objects of inorganic origin localized in a biological environment.



TRANSVERSE SPIN COMPONENT OF THE EVANESCENT WAVE

To demonstrate the mechanical action of the transverse spin component of the evanescent wave on the object of study, a linearly polarized wave with the azimuth of polarization of 45° at the interface “bio-tissue/liquid (water)” was chosen. At the same time, it was possible to realize TIR at this interface and create an elliptically polarized evanescent wave. A feature of this excitation approach is the achievement of the maximum ellipticity of the wave, when the value of the polarization components in the plane of incidence and perpendicular to it are equal. Among other identical conditions of the evanescent wave excitation, in such experimental approximation, the value of the transverse spin component is maximum.

We are interested in the action of an evanescent wave on nano-objects of complex shape with different optical properties. The calculation of the optical force components generated by the evanescent wave in the plane of wave propagation is traditional: it is necessary to estimate the value of the density of the spin and orbital momentum in the transverse y and longitudinal z directions, followed by the estimation of the value of the force in the corresponding directions [2, 4].

The spin momentum density which is expressed as [image: image] possesses both longitudinal and transversal components [2, 6]. The orbital momentum density is connected with the light pressure and directed along the direction of the Poynting vector.

[image: image]

Here [image: image], [image: image] is the exponential decay rate, [image: image] is the polarization state of an evanescent wave [2], where m1 is the polarization state of the probing beam impinging on the interface plate–air being equal to unity for linear polarization with the azimuth of polarization 45°, γ is the incidence angle on the surface, where TIR takes place.

The electrical strength of the field of an evanescent wave is [image: image], where [image: image] is the transmission coefficient [2, 6], andT//, T⊥ are the Fresnel transmission coefficients, E0 —electrical strength of the field at the interface bio-tissue/liquid (water).

After some mathematical transformations, we obtain the final expressions for the density of spin and orbital momentum.

The resulting momentum density in the z-direction is given by

[image: image]

and the transversal momentum density caused by the vertical spin is represented as

[image: image]

where [image: image].

The action of the evanescent wave is manifested through interaction with particles, to which the Mie scattering theory is applied. In this approach, the optical force can be calculated as

[image: image]

where [image: image] is the change of momentum density. The illuminated area is calculated assuming a beam aperture of 6°, and is used in our computer simulation and experimental setup.



APPLICATION

The object of study is gold particles above the surface of a section of biological tissue in a physiological environment, and RBS in blood plasma. The choice of research objects is dictated by the prospect of their use in biomedical practice for solving the problems of diagnosis and treatment of pathologically altered structures, for example, biological tissues.

In particular, gold nanoparticles, which are easily controlled by an evanescent field, are biologically inactive elements, but easily penetrate through the cell membrane with the ability to accumulate in these cells. Controlling the direction of particle motion by using an optical evanescent field allows, on the one hand, to accumulate of these particles in target cells, and then using a laser beam to act on them, destroying these cells due to the resonant absorption of optical radiation by these particles. One sees the possibility of the formation of monolayers of hydrosol of gold, significantly enhancing the fluorescence intensity of molecules coated with a layer of nanoparticles.

On the other hand, the action of laser radiation on RBCs for optical trapping and moving, as well as for realization of precise control of such objects at the nanoscale level provides desirable velocity of motion in the evanescent field due to changing polarization of a laser beam and change in illumination conditions. This approach enables control of blood vessels using low-power laser systems and gradual renewing the blood supplying necrotic tissues.


Evanescent Wave Action on Gold Particles in Biological Medium

Let us consider the influence of the transverse spin of an evanescent wave on the objects of investigation, revealed by the action of the optical force component in the transverse direction on gold particles, that are usually localized over a section of biological tissue and used as a transfer element of the micro-dose of medicine for potential medical applications. We take into account that the section of biological tissue, as a rule, is birefringent. A birefringent medium is selected, in which macroscopic anisotropy is caused by the fibrillar structure of partially oriented closely packed fibers [14]. Muscle tissue, tendon and derma, i.e., bio-tissues are examples of such tissues. The derma thickness usually amounts to about 50–100 μm. Such thickness values ensure the coherence and polarization of laser radiation as it penetrates deep into the structure [14]. Choosing the wavelength of the laser radiation within the “transparency window” (800–1,500 nm) [14] for biological tissues facilitates total internal reflection at the bio-tissue/liquid interface. Moreover, this means it is possible to realize the transversal spin component of an evanescent wave with further transportation of gold nanoparticles in the desired direction.

The optical anisotropy of the tissue is determined by the structural characteristics and the difference between the refractive indices of collagen fibers and the base material [15]. Using a two-component model with the representation of collagen fibers in the form of long cylinders [16], the optical anisotropy Δn becomes

[image: image]

where c is the volume fraction of collagen fibers, ncol, nbas are the refractive indices for collagen and the base material, respectively. To evaluate the refractive index of collagen fibers, we used the dispersion formula [17] [image: image], where the wavelength λ = 980 nm was chosen within a transparency window and corresponded to the wavelength of the semiconductor laser used in our experimental setup. Collagen has a refractive index of 1.45 (1.445 is calculated), and is immersed in a dielectric medium with the refractive index 1.37. Calculation of the refractive indices of ordinary (no) and extraordinary (ne) rays in an anisotropic bio-tissue medium was carried out in the approximation of the model of parallel dielectric cylinders uniformly distributed in the interval from 80 to 120 nm with a volume fraction of cylinders equal to f = 0.8 and a radius of 50 nm, which is close to typical morphological parameters characterizing the fibrillar structure of the derma [18].

According to Zymnyakov et al. [18], the refractive indices of ordinary and extraordinary beams are

[image: image]

where [image: image] is the polarization ability of dielectric cylinders.

To avoid the destruction of biological tissue when heated by laser radiation, it is necessary to select both the duration of the radiation pulse (the duration of the radiation exposure to minimize the damage zone and irreversible temperature changes) and the temperature interval of tissue heating [19].

For a laser with a depth of penetration into biological tissue of up to 1 mm, the pulse duration is chosen to be approximately 1 μs, which provides a heating of the biological tissue to 50–60°, while the optical properties of the tissue are unchanged.

For a complete analysis of the action of the evanescent wave on gold particles under the TIR at the “biotissue-liquid” (water) boundary of a linearly polarized incident wave of azimuth 45°, it is necessary to assess: the component of optical force and torque in the biotissue slice, and the magnitude of the component of the optical force at the action of the evanescent wave on gold microparticles being localized over the interface.

We use the following terminology: the beam impinging on the first surface of the slice will be referred to as the probing beam, while the beam impinging on the second surface is the incident beam.

Figure 1 illustrates the scheme of propagation of a light beam through a birefringent slice of a biological tissue and a set of optical force components acting on a gold particle from the evanescent wave. By changing the azimuth of the linear polarization of the probing beam and varying the angle of propagation of the incident beam in the slice, the following conditions were achieved:

1. compensation in the biological tissue section optical forces and torques produced by an elliptically polarized beam that propagates in the direction toward the interface “birefringent section-tissue fluid” ([image: image]), and in the opposite direction ([image: image]);

2. the coincidence of the orientation of the main optical axis of the birefringent slice with the orientation of the electrical strength vector of the beam incident on the outer surface of the slice so that the polarization azimuth of the incident beam is 45°;

3. the change of the spin momentum density of an elliptically polarized wave propagating in the slice would set such a value of the optical force that not affect the character of the slice motion itself and the gold particles above it.


[image: Figure 1]
FIGURE 1. Scheme showing the propagation of a beam through the birefringent section of biotissue during the formation of vertical spin of an evanescent wave above the surface of the section. Here, φ, the azimuth of polarization of the probing beam;Ψ the angle of incidence of the probing beam, γ, the angle determining the propagation direction of the incident beam. [image: image], optical force directed to the external surface of the section and [image: image], optical force acting in the opposite direction. Fy, Fz, the components of the optical force [image: image] determined by the action of the evanescent wave on the gold particles above the surface of the section, the resultant of which determines the direction of the particles motion (α).


The motion of gold particles above the birefringent biological slice is determined by the optical power generated by the evanescent wave.

Estimation of the rotational action of an elliptically polarized wave that propagates in a biological medium can be carried out as

[image: image]

is the time-averaged Maxwell stress tensor in SI-units determining the interrelation between the optical forces and the mechanical moment. Here ⊗ is the dyadic product, I is the unit matrix, [image: image] is the surface-normal vector, [image: image] is the magnetic inductance vector, and ε is the media permittivity. [image: image]–is the electrical strength of the probing beam. Changing the angle of incidence ψ of the probing beam for different section thickness d, the polarization azimuth φ of this beam is selected, where the compensation of the optical torque (τbr12, τbr21) becomes possible.

Among the possible options for compensating the optical force in the volume of a biological section, we choose the optimal one, with respect to its experimental implementation. It can be shown that having the polarization azimuth of the incident wave at 45° at the ‘tissue-fluid' interface is realized when the incidence angle of a linearly polarized probing beam at the first surface of the section with the polarization azimuth of 79° is about 60° for the thickness of the section 100 μm. These parameters of the probing beam ensure complete internal reflection on the external surface of the section and the realization of an evanescent wave above the interface. This choice of parameters enables experimentally visualization of the transverse motion of gold particles in the surface layer of the tissue fluid, caused by an evanescent wave.

Consequently, the fixed motion [10] of gold particles over the surface of the biological section in the transverse direction can be explained by the action of the transverse spin component of the evanescent wave, which is generated under the above conditions.

Using expressions (1)–(4), the components of the optical force (Fy, Fz) of an evanescent wave were calculated.

The route of the nanoparticle motion in the evanescent wave is determined by the angle [image: image] between the Poynting vector propagation along the z-axis and the resultant direction of the particle motion, which does not coincide with either the longitudinal (Fz) or the transverse (Fy) directions of the optical force components action.

As modeling results show, for the chosen incidence angle of 60°, the angle determining the direction of nanoparticles motion is about 11° as observed in the experiment.

In general, Brownian motion hampers the control of the nanoparticle motion in a homogeneous evanescent field. However, in this paper we are not interested in the process of capturing particles by the evanescent wave, but their displacement in this field, as demonstrated experimentally. Showing such a motion is rather a qualitative than a quantitative demonstration of the possibilities of using this phenomenon.

Figure 2 shows the experimental scheme.


[image: Figure 2]
FIGURE 2. Scheme of experimental setup for demonstrating controlled motion of gold nanoparticles by an evanescent wave in the near-surface layer of a birefringent section. Here, 1, prism; 2, cuvettes with tissue fluid 4; 3, birefringent section; 5, gold nanoparticles controlled by evanescent wave 9; 6, white-light illuminating source; 7, laser beam provided particle trapping; 8, laser radiation source producing an evanescent wave.


As a radiation source the semiconductor laser 8 (980–4,000 mW Laser from Wavespectrum is used having the ability to control the beam power to 50–100 mW, which ensures the integrity of the biological tissue during irradiation. The laser was focused on the interface of the section—physiological medium 4 without spatial frequency filtration. The aperture of the beam was 6°.

The use of a prism to form a condition for TIR is an alternative to other approaches associated with the use of waveguides, fluorescence technology or microspheres [19–22]. The availability of this optical element determining the simplicity of achieving the necessary conditions for total internal reflection facilitates the evanescent wave creation. This establishes a significant advantage of the experimental realization of the transverse spin component.

In the suggested experiment, the focal spot was almost of square shape, with a diagonal of about 50 μm. The azimuth of the linear polarization of the test and incident beams was controlled by rotating the light source. The receiver of the radiation was a 1.3-megapixel CCD camera without a protective glass, sensitive in the infrared (IR) region. This enabled us to study both the particles, using the illumination in the visible region, and the position of the incident IR beam on the section. The radiation intensity was limited to work with biological objects.

To control the nanoparticles' motion it is necessary to avoid the particle interaction with the anisotropic mechanical environment nearby a solid interface [23]. An additional laser source 7 (660-nm laser) provides an optical trapping mechanism displacing the particles from the surface. This makes the particles remain in the area of the evanescent wave action (cf. Figure 2).

The results of the experiment are presented in the next picture (Figure 3). The flux of particles entrained by the evanescent wave moved in the transverse direction of the near-surface fluid layer, which is due to deviation from the original horizontal direction of motion.


[image: Figure 3]
FIGURE 3. Photos demonstrating the change of gold nanoparticles about 60 nm size locations by the action of the evanescent wave, produced in the near-surface layer of the tissue: white ellipse notes the position of managed nanoparticles at different moments of time; black ellipse notes the initial position of these particles. α is the angle between directions z and [image: image] (vector determining the direction of the resulting optical force [image: image] action).


It was possible to approximate the average velocity of particle motion in our experiment to be in the vicinity of 35 [image: image]. Angle α of particles deflection in the transverse direction under the action of the evanescent wave is about of 11°, which correlates with theoretical predicted results.

It is natural to assume that by changing the parameters of the probing beam, we are able to control the movement of nanoparticles in the super-surface layer of the biological object, thereby increasing the possibilities of transporting the correct amount of drugs to handle pathological biostructures.



RBS Manipulation by Evanescent Field

The next example, which demonstrates the evanescent field action on nanoobjects of organic origin, is the result obtained under the influence of the transverse spin component on shaped blood elements, in particular RBCs. In this case we form the evanescent field in which the action of the transverse component of the optical force becomes evident.

A distinctive feature of the results presented at this paper is the demonstration of the controlled motion of erythrocytes by an evanescent wave in a transverse direction that differs from the Poynting vector orientation that coincides with the direction of wave propagation.

The normal human erythrocyte has the shape of concavo-concave disc. The diameter of an erythrocyte is 7.82 ± 0.62 μm, and its minimal and maximal thickness at the center and at the limb are 0.81 ± 0.35 μm and 2.58 ± 0.27 μm, respectively. The mean magnitude of the cell volume of an erythrocyte is 94 ± 14 μm3, and the mean magnitude of the cell surface area is 135 ± 16 μm2. The mentioned sizes of an erythrocyte stem from photomicrographs [24]. The model of a concavo-concave disc corresponds well to native erythrocytes experimentally proven [25]. Considering an erythrocyte as a uniform 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 is believed to be thin enough to neglect their influence of its real thickness on the light scattering properties. The Mie theory of light scattering applied for such cases provides a comprehensive description of the energy transfer to the erythrocyte [25].

Observation of motion of isolated erythrocytes in whole blood is hampered by high concentration of cells. Concentration of erythrocytes is here diminished using an isotonic solution. However, the simplest use of physiological solution is not practical due to the lower viscosity of the solution changing the elasticity of erythrocytes. Consequently, we diminished the erythrocyte concentration using the natural medium of cells, viz. a blood plasma. Following this approach, both computer simulation and experimental demonstration of erythrocyte motion are carried out in blood plasma with refractive index (nsol = 1.37). To realize the total internal reflection, we use a flint prism with an index of refraction npr= 1.61, above which an erythrocyte with the refraction index ner = 1.407 is located [25] 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 repetition rate of about one μs.

By changing the angle of incidence of the beam at the prism, changes of the parameters of the evanescent wave, which propagates in the erythrocyte, are achieved. Thus, it is possible to set the maximum depth of penetration of the evanescent wave into the erythrocyte, which is about of 0.9 μm. The description of the mechanism of interaction of the evanescent wave with the erythrocyte suggests the use of the model [26], according to which the surface is divided into a set of facets of equal areas 0.01 μm2. The chosen size of the facets is necessary and sufficient for the description of the erythrocyte surface interacting with an evanescent wave. One computes the components of the optical force Fx, Fy, Fz and the magnitude of torque τ for each facet. In doing so, one takes into account the angle of incidence of radiation at the corresponding facet and the optical characteristics of the erythrocyte surface. Computer simulations were carried out for 3,340 facets interacting with an evanescent wave adding up the derived components of the optical force for three directions for each facet.

This model [24], makes it possible to define the spatial location of each of the facets, to determine the orientation of the plane of incidence of the evanescent wave on the facet. This enables description of the interaction of the wave with all obtained facets finding the part of the energy, which forms the component of the optical force for providing the motion of the erythrocyte.

Determination of the optical force (Figure 4) in the horizontal (YOZ)-plane with the components in the longitudinal and transversal directions (being typical for an evanescent wave) for the azimuth of polarization of the incident wave ±45° requires traditionally computation of the density of the spin and orbital angular momenta at the transversal (OY) and longitudinal (OZ) directions. The components are initially computed for each facet, followed by adding the corresponding components. The magnitudes of the components of the refracted evanescent wave at each facet are used for estimating the spin, orbital momentum density and the orbital angular momentum density in the longitudinal and transversal directions.


[image: Figure 4]
FIGURE 4. Two linearly polarized beams 1 and 2 with azimuths of polarization ± 45° with respect to the plane of incidence are incident on the prism at the angle (±γ). Here [image: image] are the wavevectors of the incident beams; FX1, FX2, FY1, FY2, FZ1, FZ2 are the components of the optical force of the evanescent waves Eev1 and Eev2. OO′ is the axis of symmetry of an erythrocyte.


Following the expressions (1)–(3), taking into account the orientation of the i-th facet and the condition of illumination of the erythrocyte by the evanescent wave, the resulting momentum density at the i-th facet in the OZ—direction was determined.

[image: image]

and the transversal momentum caused by the vertical spin in the OY-direction

[image: image]

Here [t//]i, [t⊥]i are the refraction coefficients for the parallel and perpendicular components of an evanescent wave that impinges onto the i-th facet of an erythrocyte, [image: image] is the angle between the normal to the facet at the point of incidence of the beam and the evanescent wave propagating along the OZ-direction, δi—is the orientation of the plane of incidence with respect to the vertical (XOZ)-plane.

In the framework of Mie light-scattering theory [2, 8] [image: image], where Δpi is the change of momentum density at the corresponding facet Si interacting with the evanescent wave for i = 1 to N, where N is the number of facets. We calculate the change of momentum density in y- and z-directions for the given i-th facet obtaining the quantities Δ[py]i and Δ[pz]i for the estimation of the components of the optical force [FY]i and [FZ]i.

The evanescent wave—being inhomogeneous in energy—is a source of gradient of the optical force [image: image] in the OX direction, connected with the direction of propagation of the beam refracted at the i-th facet of the beam. The evanescent wave refracted at the i-th facet, in the OX direction, also determines another force component [image: image], where [image: image] is the component of the time-averaged Maxwell's stress-vector, according to Equation (5).

The total component of the optical force in the OX-direction for the i-th facet is [FX]i = [Fx]i+[Fgradx]i. The next calculation step consists in recalculation of the found set of optical force components for each of the specified facets, [FX]i, [FY]i, [FZ]i, into the resulting components (FX, FY, FZ), by summation of the corresponding force components over all facets of the erythrocyte surface, [image: image], m = X, Y, Z.

A specially chosen scheme of two oppositely directed evanescent waves of the same amplitude and frequency forming above the prism provides the condition for transverse motion of the erythrocyte under the action of an evanescent field (Figure 4). In this model experiment, the longitudinal components of the optical force of the evanescent waves onto the erythrocyte are compensated leaving only the transversal components. Let us emphasize that the discussed effect only becomes possible if one uses two linearly polarized incident waves with the azimuths of polarization +45° and −45° with respect to the plane of incidence, so that two oppositely directed evanescent waves are of the same elliptical polarization.

For the symmetrical incidence of the beams with respect of the axis of symmetry OO′, the total longitudinal component of the optical force, FZ = FZ1 + FZ2, becomes equal zero. FZ1, Z2 are the longitudinal components of the evanescent waves excited by the linearly polarized incident waves with azimuths of polarization ±45°. The resulting rotational motion of a cell is compensated as well, and all this provides the condition for observation of a rectilinear motion of an erythrocyte in the transversal direction FY = FY1 + FY2, where FY1, Y2–are the transversal components of two evanescent waves.

The maximal magnitude of the resulting optical force occurs for an angle of incidence of 63°.

Transverse motion of an erythrocyte in blood plasma is caused by the action of the resulting force [image: image], where Fopt = FY is the optical force. At low Reynolds numbers, the damping factor or drag coefficient is found by approximating the disk shape of an erythrocyte by a sphere of the same cross-sectional area [25, 27], giving the Stokes force Fst = 3πηDv. Here η = 1.236 ×10−3Pa · s is the dynamic viscosity of blood plasma, D is the diameter of the corresponding cross sectional area of the cell, and v is the velocity of an erythrocyte. The equation of erythrocyte motion is [image: image], providing the estimation of the cell velocity. We emphasize that the RBC velocity will significantly depend on the angle of incidence of the beams.

In our experiment, specially prepared samples of blood plasma with isolated erythrocytes were used [8, 9].

The optical arrangement for experimental demonstration of erythrocyte motion in an evanescent field is shown in Figure 5. Semiconductor laser 1 with the wavelength λ = 980 nm was used in our experiment. We varied the radiation power from 5 to 500 mW. Moving erythrocytes are observed in white light from an LED display 9 using a micro-objective 10 (magnification 60x) and CCD-camera 12. Light filter 11 cuts off radiation from the IR laser.


[image: Figure 5]
FIGURE 5. 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 display; 10, micro-objective; 11, light filter; 12, CCD-camera.


The experimental results are shown in the following image (Figure 6). Over time, the position of the RBC changes in the transverse direction, due to the action of the transverse spin component of the evanescent wave.


[image: Figure 6]
FIGURE 6. The change in the position of the RBC over time. Single arrows mark the movement of the erythrocyte in the transverse direction. A long dash-dotted line marks the trajectory of the erythrocyte.


The discrepancy of the results of computer simulation and the experimental study of the cell motion velocity does not exceed 30%.

Using of the proposed experimental setup and chosen theoretical approach allows us to obtain results demonstrating the controlled motion of the RBC under the action of the evanescent wave in the transversal direction, which can expand the prospects for the creation of a new generation of optical manipulators. Moreover, using of non-toxic materials for the body, carbon nanoparticles, based on the considered method, can successfully be applied for the needs of modern pharmacology and medicine.




CONCLUSIONS

This paper promotes results that illustrate the possibility for controlling of nano- and microobjects located in a biological environment by an evanescent wave. The transverse spin component of the evanescent wave generates a transverse component of the optical force, causing the motion of investigated objects in the transversal direction. At the same time, the rotational motion of nano-objects due to the circular polarization of the evanescent wave in the vertical and horizontal planes is realized. Such features of the evanescent wave arise at the TIR of a linearly polarized wave with the azimuth of polarization of 45° at the interface of the prism-biological medium. The consequence of such an influence of the evanescent wave is a complex pattern of motion of the studied objects—gold micro particles and red blood cells in a biological environment. The obtained experimental results are consistent with the results predicted theoretically.
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