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Abstract: We have studied optical trapping and propulsion of red blood
cells in the evanescent field of optical waveguides. Cell propulsion is found
to be highly dependent on the biological medium and serum proteins the
cells are submerged in. Waveguides made of tantalum pentoxide are shown
to be efficient for cell propulsion. An optical propulsion velocity of up to 6
um/s on a waveguide with a width of ~6 um is reported. Stable optical
trapping and propulsion of cells during transverse flow is also reported.
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1. Introduction

Cells are the smallest living structures in the body acting as a building unit in tissues. Cellular
processes and inter-cellular interactions lead to the basic functions of organs. Optical
techniques like laser tweezers can be used to investigate cellular level processes and cell-cell
interaction [1-4]. There, the optical forces arising from a focused laser beam are used to trap
and manipulate cells at single cell level. Integrated lab-on-a-chip and micro-fluidic techniques
have been developed for rapidly manipulating large number of cells [5-7].

In conventional optical tweezers, the focused laser beam generates a high intensity
gradient near the focal spot. The optical gradient forces dominate over scattering forces in the
focal region. By maneuvering the location of a focal spot the trap position can be steered.
Thus, optical tweezers allow trapping of cells in three dimensions at any desired location,
usually away from surfaces [4].

The evanescent field surrounding an optical waveguide, however, can also be used for
optical trapping [8—19]. The decay length of the evanescent field is within 250 nm from the
waveguide surface [9,15]. Consequently, targets are trapped close to the surface [8—19]. In
waveguide trapping, the gradient forces attract the target to the waveguide and the radiation
forces propel it along the waveguide. The waveguides can be designed to trap different sizes
and types of particles, and to trap single particles or several particles in parallel. Moreover,
trapping on optical waveguides can also be integrated with lab-on-a-chip systems [13].

Optical propulsion of polystyrene micro-particles, gold nano-particles and nano-rods on
waveguide surfaces has been comprehensively reported [8—19]. However, so far only one
example of trapping of cells on waveguides has been reported [12]. There are two major
challenges for efficient trapping and propulsion of cells on a waveguide surface: cellular
adhesion to surfaces and the rather small difference in refractive index between cells and
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water. Adherent cells readily (and rapidly) stick to each other and a large number of surfaces
[20] as they are naturally programmed to perform common cellular activities, such as mitosis,
cell-cell interactions and cell motility on a substrate. Even non-adherent cells, e.g. red blood
cells, in some cases stick to surfaces, presumably due to electrostatic forces arising from salt
ions in the medium [21,22]. As we will show here, surface forces can dominate over optical
forces, inhibiting optical propulsion of cells. The second challenge is the refractive index of
cells, which is close to that of water. Most cells have a refractive index of 1.35-1.4, compared
to 1.33 for water. Since the optical forces depend on the refractive index contrast between the
target and the medium, the forces are smaller than the cells for e.g. polystyrene, glass and gold
particles of similar size. To overcome this limitation, higher intensities must be used, which
can be obtained with a small waveguide core with a high refractive index.

Here, a systematic study of optical propulsion of fixed and live red blood cells (RBCs), on
a waveguide surface is reported. Comparisons are made for waveguides fabricated using two
different methods; diffusion of Cesium-ions into glass, and deposition of Ta,Os on silica. The
propulsion velocity of RBCs is shown to depend on the waveguide width. Waveguide cell
propulsion in different cell culture media is investigated. Finally, it is shown that RBCs can be
trapped and propelled in a transverse flow.

2. Materials and Methods
2.1 Cell preparation

Red blood cells (RBCs) are typically disk-shaped, with a diameter between 6 and 8 pm and a
thickness of approximately 2 um. The refractive index of red blood cells is around 1.38 [23].
Their shape depends on the environment, and can also be spherical. Fixed RBCs are mostly
spherical [23].

Fresh blood samples were drawn from healthy donors (6-10 ml) by venipuncture into
EDTA-containing (ethylenediaminetetraacetic acid) tubes, which chelate calcium to prevent
clotting. The blood sample wss mixed with phosphate buffered saline solution (PBS) and
centrifuged at 600g for 10 minutes. This accumulates RBC pellets at the bottom of the test
tube. The supernatant containing white blood cells and plasma was carefully decanted. This
process is repeated three times in PBS to remove most of the plasma and white blood cells.
For live RBC experiments the samples are stored in PBS solution and were used within two
hours. For fixed RBC experiments, the RBC pellet was resuspended in 4% paraformaldehyde
and 96% PBS. We used fixed RBC mostly for optimization experiments, i.e. finding optimal
waveguide materials and suspension media. The results shown in section 3 are obtained with
fixed RBCs and the results in sections 4-5 are performed with live RBCs.

2.2 Experimental set-up

The experimental apparatus for cell propulsion on waveguides is shown in Fig. 1. The laser is
a 5 W single-mode Ytterbium fiber laser, with 1070 nm wavelength. Light was coupled into
the waveguide by an objective lens (80X, 0.9 N.A, NIR Nachet). The objective was positioned
with a piezoelectric translation stage with ~10 nm step size. The waveguide chip was
continuously held by vacuum suction to avoid any mechanical drift with time. The output
light from the waveguide was collected by a 40X objective lens. A microscope with a long
working distance 20X objective lens and a CCD camera was employed to capture images of
the waveguide and cells from above. The cell propulsion velocity was measured by capturing
real-time video footage of the experiment. The video data was analyzed to measure the
distance traveled by the cells with respect to time.
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Fig. 1. Schematic diagram of the experimental set-up for optical propulsion of cells on
waveguides.

2.3 Optical waveguides

High intensity in the evanescent field is crucial for efficient cell propulsion on waveguides.
The conventional waveguide materials used for propulsion of polystyrene micro-particles and
gold nano-particles can be broadly classified according to refractive index of core relative to
substrate: a) low 4dn (<0.04) Cs* or K" ion-exchange waveguides [8,9] and b) high 4n
waveguides like silicon nitride (Si3N4, 4n ~0.52) [12,13] and Ta,05 waveguides (4n ~0.65)
[14,15].

Simulations can be used to optimize the waveguide parameters for maximum optical
forces. The optical forces on a particle in an evanescent field depend on the optical properties
of the particle and on the strength of the evanescent field. A two-dimensional simulation (e.g.
with finite element method) can be used to optimize the waveguide parameters for maximum
evanescent field. For Ta,0s waveguides we found that 200nm thickness was optimal (at
1070nm) [14,15]. Thinner waveguides will approach cut-off and thicker waveguides will have
less evanescent field. To find the optical forces on a particle using the Maxwell-stress tensor,
three-dimensional models are necessary. Mie theory can be used to simulate optical forces on
spherical microparticles [16,17]. Rayleigh theory can be employed to simulate optical forces
on nano-particles [12]. Finite element method can be used to simulate non-spherical particles
(such as nano-rods) [19]. RBCs are disk-shaped with a diameter of 7-8 pm. Simulation of
such structures employing finite element method increases the computational time
significantly and has not been explored yet.

It has recently been shown experimentally that Ta,Os waveguides are more efficient than
Si;N, waveguides for propelling polystyrene micro-particles [14]. Similarly, Cs* ion-exchange
waveguides with higher refractive index contrast (4n = 0.03) are more efficient for particle
propelling than K* ion-exchanged waveguides (4n = 0.01) [9]. Based on this, we chose to use
Ta,0s and Cs* ion-exchanged waveguides for this work on cell propulsion. The Ta,Os
waveguides were made by magnetron sputtering, photolithography and ion-beam milling, see
[14,15] for details. The Cs™ waveguides were made by evaporation of an aluminium mask,
photolithography and thermal ion-exchange (Cs* exchanged with K* or Na® in the glass) [9].

Both low and high 4n waveguide materials have advantages and disadvantages. The
surface intensity of high 4n waveguides (Ta,Os) is larger than for low An waveguides (Cs”
ion-exchange) for the same guided power [12,14]. However, for the same input laser power
and using an objective for input coupling, more light can be coupled into a Cs* ion-exchanged
waveguide than in a Ta,0O5 waveguide. The ion-exchanged and Ta,0s waveguides are around
1 um and 200 nm thick respectively. The insertion losses of ion-exchanged waveguides are
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~6-8 dB [8] as compared to 8-12 dB for Ta,O5 waveguides discussed below. Thus, in the next
section, both waveguide materials are tested to determine their efficiency for cell propulsion.

The insertion loss of Ta,Os waveguides (2.5 cm long and 200 nm thick) as a function of
width is shown in Table 1. The insertion loss of a waveguide is calculated by measuring the
input and the output power. The insertion loss comprises both coupling and propagation
losses. The propagation loss was determined by the cut-back method. Finally, the value of
coupling loss was obtained by subtracting propagation loss from the insertion loss. Further
details on loss measurement can be found elsewhere [14,15]. Narrow waveguides (2-4 um)
have higher losses compared to wider waveguides (5-10 um). This is mainly due to high
coupling losses and sidewall scattering losses for the narrow waveguides [14,15]. Thus, for a
given input power, more light is coupled (guided) into the wide waveguides (= 5 um) than the
narrow waveguides (< 4 um). This influences the propulsion velocity of cells on waveguides
of different widths as highlighted in section 3.1.

The propulsion velocities of RBCs in section 3 and 4 are plotted as a function of input
power. The output power depends on number of trapped cells along the length of the
waveguide. The output power also varies for the different width of the waveguides due to
varying insertion losses as shown in Table 1. In our experience, the output power tends to
fluctuate and it is difficult to keep it constant during experiment. It is thus more practical to
plot propulsion velocity as a function of input power.

Table 1. Insertion loss on 2.5 cm long Ta,0s waveguide

Width of waveguide 8-10um 5—7um 2 -4 um

Insertion Loss 8 dB 9dB 12 dB

3. Optical propulsion of fixed RBC
3.1 Choice of waveguide material

Conventional optical tweezers have being employed to trap and manipulate red blood cells
[24-27]. The original paper on optical trapping of RBCs was published in 1987 by Ashkin et.
al. Here, we study optical trapping and propulsion of RBCs on optical waveguides (Ta,O5 and
Cs* ion-exchange). A 40X coupling objective lens was employed for Cs + ion-exchange
waveguides and an 80X coupling objective lens was used for Ta,05; waveguides. The rest of
the experimental set-up was similar to that shown in Fig. 1. The optical propulsion velocity of
the fixed RBC on Ta,0Os and Cs* ion-exchange waveguide materials is shown in Fig. 2. The
suspension medium for the cells was water, and the width of the waveguides was ~10 um.
The input power was kept constant at 800 mW for both waveguides. The guided power was
estimated to be 20 mW for the Ta,Os waveguide and 150 mW for the Cs* ion-exchange
waveguide. The guided power was approximated from the output power after compensating
the out-coupling loss. Ta,Os waveguides were found to be much more efficient for cell
propulsion than Cs* ion-exchange waveguides, as shown in Fig. 2. The optical propulsion
velocity of a fixed RBC was five times higher on a Ta,Os waveguide than on a Cs* ion-
exchange waveguide. Thus, for the remaining experiments in this paper we used Ta,Os
waveguides for cell propulsion.
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Fig. 2. Comparison of cell propulsion velocity on a Cs* ion exchange and a Ta,Os waveguide.
Input power is 800 mW and width of waveguides ~10 um.

3.2 Choice of suspension medium

Cells must ideally be propelled in a medium in which they can stay healthy and alive. Cells
will rupture (in hypotonic medium) or shrink (in hypertonic medium) if not kept under
isotonic conditions. We have investigated waveguide cell propulsion in the following cell
culturing media: a) phosphate buffered saline solution (PBS), b) Hepes (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) 20 mM concentration, and c) 0.25 M isotonic sucrose solution.
We have also studied how addition of different serum proteins and whole serum influenced
cell propulsion. The serum proteins studied were a) human serum albumin (HSA), b) bovine
serum albumin (BSA) and c) fetal calf serum (FCS). Table 2 summarizes the results of optical
propulsion of fixed RBC in these media and serum proteins/serum. Interestingly, we were
only able to successfully propel the cells in water and 0.25 M isotonic sucrose medium.
Addition of BSA and FCS resulted in cessation of cell propulsion in these media. The
experiments with addition of HSA showed cell propulsion a few times, but were not
repeatable and thus inconclusive. The cells were not propelled in PBS and Hepes media
neither with nor without serum.

We hypothesize that the presence of salt ions in PBS and Hepes media are the reason for
cells adhering to the waveguide surfaces. In waveguide trapping, the optical forces are
dependant on the refractive index contrast between the target and the medium (4n). The
optical trapping forces on polystyrene micro-particles (4n = 0.26) are in the range of pN
[16,17]. For biological cells with 4n = 0.05, these forces will be even smaller. The adhesive
forces between RBC and the surfaces in physiological saline medium (PBS with sera) have
been previously characterized [21,22]. In PBS medium a centrifugal force of 0.5-0.15 nN was
found insufficient to move stuck RBC from a surface [21,22]. The cell adhesive force in PBS
is thus two orders of magnitude higher than the optical trapping forces generated in a
waveguide. This provides the most likely reason for causing cells to stick to waveguide
surfaces in media with high salt concentration. It is possible to explore waveguide surface
treatment and decreasing ionic strength of the medium to alleviate the sticking problems in
PBS. Surface treatment has not been explored in the present studies.

Next, optical propulsion velocities in water and isotonic sucrose media were compared.
Figure 3 shows cell propulsion velocities as a function of input power in these two media. The
cell propulsion velocity was found to be linear with the input power. The cells generally
propelled with higher velocity in water than the sucrose medium. However, cells will lyse in
pure water due to the difference in the osmotic pressure between the cell and the surrounding
water. An isotonic medium is essential for a cell to maintain their structure. Therefore, for all
the remaining experiments discussed below an isotonic sucrose medium was employed for
cell propulsion.
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Table 2. Optical propulsion of RBC in different media and sera

Medium Serum-free HSA BSA FCS
5% by volume 5% by weight 10% by volume
Water Yes Inconclusive No No
Isotonic sucrose Yes Inconclusive No No
PBS No No No No
HEPES No No No No
g 1,2 @ RBC in Sucrose A RBC in Water
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Fig. 3. Comparison of optical propulsion velocity of a cell in water and isotonic sucrose media
as a function of input power. Ta,0s waveguide of width ~10 um was used.

4. Optical propulsion of Live RBCs

Live RBCs were optically trapped using the optimized waveguide material (Ta,0Os) and
medium (isotonic sucrose). We have recently shown that for a given input power, the
propulsion velocity of a polystyrene micro-particle varies with the waveguide width [15]. The
study found that the width of a waveguide must be carefully chosen for differently sized
micro-particles to impart the largest optical force. Thus, optical propulsion velocities of cells
were investigated as a function of input power and waveguide width, as shown in Fig. 4. For
each width, the propulsion velocities of cells at specific input powers exhibit a wide spread.
The size of RBCs varies between 6 and 8 um, which could lead to a variation of propulsion
velocity at a given input power.

As shown in Fig. 4, a 6 um wide waveguide trapped and propelled cells with a maximum
velocity of ~6 pm/s. Light is confined less tightly inside a 10 um wide waveguide resulting in
a weaker intensity near the surface and slow cell propulsion. Furthermore, propelling a cell
(~7 um diameter) over a 10 pm wide waveguide implies that the cell does not interact with
the entire evanescent field present. Even though light is confined most tightly in a 3 um wide
waveguide, it has higher insertion losses (as shown in Table 1). Consequently, at a given input
power less light is guided in a 3 pm wide waveguides, resulting in slower cell propulsion than
on a 6 pm wide waveguide. Thus, to impart higher optical forces for efficient cell propulsion,
a waveguide of optimum width must be chosen (6 um in our case).

Optical propulsion of live RBCs on a 6 pum wide waveguide is depicted in Fig. 5. The
interaction between the evanescent field and the cell generates gradient and radiation forces.
The cells are laterally trapped on top of a waveguide surface by the gradient force. The
radiation force propels the trapped cell along the waveguide. It is worth highlighting that the
actual guided power was small, even though a high input power was employed in the
experiments. Due to high coupling losses the maximum guided power was ~60 mW for a 6
um wide waveguide when the cell propulsion velocity was 6 um/s. From simulations it was
found that ~10% of the total guided power will be present in the evanescent field for the
chosen waveguide material and dimension.
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Fig. 4. Optical propulsion velocities of live RBCs as a function of input power and the width of
waveguides.

Fig. 5. (Media 1) Optical propulsion of live RBCs on a 6um wide Ta,0s waveguide.

5. Optical propulsion of cells in the presence of transverse flow

Opto-fluidics combines the advantages of micro-fluidics and optics on a common platform
[28]. Integration of micro-fluidics with cell propulsion on waveguides is imperative for
efficient and rapid cell manipulation, as a larger number of cells can be transported faster with
flow than with optical methods. On the other hand, it is easier to precisely manipulate single
cells with optical methods. The two methods can be tailored to sort cells based on optical
fractionation techniques [29,30]. Optofluidic trapping on a waveguide surface has previously
only been reported for polystyrene microparticles [11].

Figure 6 shows optical trapping and propulsion of cells in the presence of a transverse
flow. A 6 pum wide waveguide was used, as this width provided the highest velocity based on
our findings in Fig. 4. The total size of the microchip employed in our experiments was 200
pum in height and 1 mm in width. The microchip was made in PDMS (Polydimethylsiloxane),
due to its optical transparent and chemically inert properties. The input power used in the
experiment was 1 W. The transverse flow rate of the RBCs was ~1um/s. The fluid flow
delivers the cells close to the waveguide surface, where they are trapped and propelled along
the propagation direction of light. A 4X objective lens is employed for imaging to cover a
large field-of-view in this experiment. As the laser is switched-off, the trapped cells are
released and are drawn away by the flow.
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6. Conclusions

Optical trapping and propulsion of live red blood cells in the evanescent field of an optical
waveguide is reported. It is shown that Ta,Os, due to its high refractive index contrast,
provides an ideal platform for waveguide cell propulsion. Waveguides with a width of ~6 um
were found to propel cells with the highest velocities, 6 pm/s, which is significantly higher
than previously reported [12]. Increasing the power in the waveguide, e.g. by decreasing
coupling losses, would further increase the propulsion velocity. The velocities demonstrated
are compatible with the field-of-view used in high-resolution microscopy. The method may be
used to move a single cell to a given position in the field-of-view, hold the cell using counter-
propagating beams [31] and study it with high-resolution techniques e.g. confocal-,
fluorescence- or Raman-microscopy [32].

Waveguide trapping and propulsion of cells in the presence of a transverse flow is
reported. This demonstrates that the cells are stably trapped also transversally relative to the
waveguide. Microfluidics can move more cells faster than optical methods, while it is possible
to manipulate single cells with optical methods. Combining the two methods in an
optofluidics system is thus advantageous, e.g. for the envisioned application in microscopy
and for Lab-on-a-Chip applications.

Most cell friendly media, such as sera and PBS, are found to be incompatible with optical
trapping on a waveguide surface. However, cells were successfully trapped and propelled in
isotonic sucrose, which stabilizes the osmotic pressure of the cells. Surface treatment of the
waveguides may reduce the cell adhesion in sera and PBS, and thus make optical propulsion
possible in these media. It is, however, important to note that sera, which is derived from
clotted blood, is not a natural media for cells in vivo. Serum is full of ligands for scavenger
receptors, which bind negatively charged proteins. Therefore, plasma may be a more
appropriate media to study in future [33].

Waveguide cell propulsion is influenced by cell parameters like refractive index, cell
membrane thickness, shape and size of the cells. It is feasible to sort cells based on different
propulsion velocities (for cells with different parameters) and by implementing waveguide
designs like a Y-junction [34].
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