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Abstract.  We have fabricated double-beam optical tweezers and 
demonstrated the possibility of their use for measuring the interac-
tion forces between red blood cells (erythrocytes). It has been estab-
lished experimentally that prolonged trapping of red blood cells in 
a tightly focused laser beam does not cause any visible changes in 
their shape or size. We have measured the interaction between red 
blood cells in the aggregate, deformed by optical tweezers. 

Keywords: optical trap, optical tweezers, red blood cell, aggregate, 
interaction force between red blood cells. 

1. Introduction 

A significant achievement of laser physics in the last decades is 
the  creation of  the optical  tweezers  (originally  called  ‘single-
beam gradient force trap’) – a device that allows one to control 
the movement of  small  particles without mechanical  contact 
with them. The action of optical tweezers is based on the phe-
nomenon of light pressure, provided the prevalence of the gra-
dient  component  of  the  force  over  the  repulsive  force.  Such 
conditions  arise,  in  particular,  by  focusing  the  laser  beam. 
Single-beam gradient force trapping was demonstrated for the 
first  time  in  the  late  twentieth  century  [1]. Experimental  and 
theoretical aspects of optical trapping were discussed elsewhere 
(see,  for  example,  [2 – 6]).  It was  shown  that optical  tweezers 
provide a highly accurate positioning of the particles (~10–10  m) 
and  the  possibility  of measuring ultralow  forces  (~10–12 N). 
Currently, optical tweezers are widely used in various fields of 
science and technology, including biology and medicine. 

Application of optical tweezers is also promising in such a 
field as blood rheology. In studies of human circulatory sys-
tem, much attention  is placed on microrheological parame-
ters of blood, such as deformability and aggregation ability of 
red blood cells. It was established that these parameters sig-

nificantly  affect  the  blood  microcirculation,  and  therefore 
have  a  direct  bearing  on  the  diagnostics  and  treatment  of 
some diseases. To date, many aspects of the behavior of bio-
logical cells, including red blood cells, in an optical trap have 
been  investigated.  Khokhlova  et  al.  [7]  used  double-beam 
optical  tweezers  to  study  features of  the aggregation of  red 
blood cells. They measured the interaction force between two 
red blood cells as a function of the distance between their cen-
tres.  They  also  found  that  the  rates  of  aggregation  of  red 
blood cells from healthy donors and patients suffering from 
various diseases differ  significantly  from each other. Papers 
[8 – 11] reported the observation of diffraction patterns upon 
scattering of the laser beam on individual red blood cells and 
other microscopic particles trapped by the optical trap. The 
optical  trap  in  combination  with  the  microflow  technique 
allows automatic sorting of cells [12]. 

Optical tweezers make it possible to study the shape of the 
surface of red blood cells [13], as well as features of the interac-
tion of cells in the process of coagulation [14]. Guck et al. [15] 
measured the deformability of a red blood cell using an optical 
trap with two counterpropagating beams. This trap does not 
require tight focusing of radiation; therefore, the power density 
of  the  radiation  incident  on  the  trapped  particles  is  lower, 
which  is  important  when  working  with  living  cells.  Optical 
tweezers were used to measure the coefficient of elasticity of the 
red blood cell membrane [16], as well as the deformability of 
red blood cells by direct extension of cells [17]. In these experi-
ments, the maximum tensile strength reached 400 pN. Ghosh 
et  al.  [18]  observed  a  significant  change  in  the  shape  of  red 
blood cells, and their rotation under the action of the light field 
of the optical trap. The optical trap allows one to measure such 
parameters as elasticity and viscosity of  red blood cell mem-
branes [19], as well as the thickness of the double layer of the 
charge around the cells in the electrolytic solution [20]. In work 
[21]  the  optical  trap was  used  to  study  the  properties  of  the 
cytoskeleton of red blood cells. It was established [22, 23] that 
the orientation of the red blood cell in the optical trap depends 
on the laser beam polarisation and the ionic composition of the 
medium surrounding the cell. Bronkhorst et al. [24] used opti-
cal trapping to study the mechanisms of aggregation and disag-
gregation of red blood cells. 

Nevertheless, there are still many fundamental problems 
of cell biophysics, which are difficult to solve without optical 
traps. These problems include, in particular, the problem of 
aggregation of red blood cells in norm and various pathologi-
cal conditions. Currently, this issue is  intensively studied by 
the methods of  light scattering by suspensions of red blood 
cells  [25].  However,  the  results  obtained  characterise  large 
ensembles of particles, and their individual characteristics are 
hidden. Thus, it remains unclear why some cells do not par-
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ticipate in the formation of aggregates or lead to the forma-
tion of aggregates of specific forms, such as branched linear 
or lumpy aggregates. To answer this question we must be able 
to measure the interaction forces between individual cells and 
aggregates at rest and in flow. 

The  purpose  of  this  paper  is  the  fabrication  of  double-
beam optical  tweezers  to study  the  interaction of red blood 
cells, in particular, to measure the interaction forces between 
red blood cells in the aggregate. 

2. Experimental setup 

To manipulate two or more red blood cells it is needed to cre-
ate double-beam tweezers with independent control of each of 
the beams. The  experimental  setup  is  shown  in Fig.  1. The 
radiation  sources were a 1064-nm cw, TEM00-mode, diode-
pumped Nd : YAG laser with an output power of 300 mW, as 
well as a 810-nm semiconductor laser with an output power of 
500 mW. The  use  of  a  dichroic mirror made  it  possible  to 
direct  both  laser  beams  into  a  water  immersion  objective 
(Olympus  LUMPlanFl  100 ×)  with  a  numerical  aperture 
NA  = 1.00. The image formed by the objective was focused 
by a lens on the DCC1645C camera (Thorlabs). Overexposure 
to the laser light is cut off by the blue-green filter. The laser 
beams  in  the  plane  of  the  objective  lens  was  controlled  by 
rotating the telescope (a magnification of 1 : 3) in the arm of 
the semiconductor laser and the telescope (1 : 2) in the arm of 
the Nd : YAG laser. The centres of the telescopes are located 
in the plane, which is conjugate with the plane of the entrance 
aperture of the objective. Thus, at small rotational displace-
ments, the beams remain within the entrance aperture of the 
objective. 

3. Functional check of the system 

To align the system and detect the region of optical trapping, 
use was made of red blood cells, placed in saline at a ratio of 
1 : 500. The maximum output power after the objective was 
55 mW for the Nd : YAG laser and 60 mW for the semicon-
ductor laser. The minimum size of the focal spot (estimated 
on the surface of the cover glass with respect to the size of the 
test polystyrene microspheres) was 2.5 mm for the Nd : YAG-
laser  beam  and  3.5  mm  for  the  semiconductor  laser  beam. 
Therefore,  the  intensity of  laser radiation  in the beam focal 
waist was 1 MW cm–2. 

Red blood cell heating by the focused laser beam can be 
estimated by the formula DT = Pd/(4pc), where DT is the red 
blood cell temperature increment; P is the laser beam power 
in the focal waist; d is the light absorption coefficient by the 
particle  material;  c  is  the  thermal  conductivity  of  water. 
Assuming P  =  60 mW, d = 800 m–1, c = 0.6 W m–1 K–1, we 
obtain DT » 6 K. This estimate demonstrates that the heating 
of a cell by laser radiation is in the physiological range. Our 
experiments showed that when a red blood cell was trapped in 
each  of  the  beams  of  the  optical  tweezers  for  15  min,  we 
observed no visible changes in it. The corresponding images 
of red blood cells are presented in Fig. 2. 

4. Calibration of the optical tweezers 

To measure the interaction forces between red blood cells in 
the aggregate, we used the following technique. Using double-
beam optical tweezers, the aggregate was stretched from two 
opposite  end-sides.  The  power  of  one  laser  beam  (from  a 
semiconductor laser) remained constant, while that of the sec-
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Figure 1. Schematic diagram of the double-beam optical tweezers. 
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ond one  (from  the Nd : YAG  laser) was decreased until  the 
force  of  interaction  between  the  cells  exceeded  the  force  of 
optical trapping and the end of the aggregate was pulled out 
of  the  trap.  To  perform  quantitative  measurements  using 
optical tweezers, they must be calibrated. 

Calibration was carried out by the method based on the 
use of viscous forces acting on the particle by the fluid flow. 
The  fluid  flowed due  to  the movement  of  the  object  table 
with the cuvette relative to the trapped red blood cell. The 
moment of rip-out of the red blood cell was recorded by a 
video  camera.  Then,  by  using  the  ImageJ  code  (http://
rsbweb.nih.gov/ij/) we determined the rate of the fluid flow 
with  the help of  the  video  recording. After  that,  the  force 
pulling the red blood cell out of the trap was calculated by 
Stokes’ formula: 

Fvis = gu = 6phru,  

where h is the coefficient of the fluid viscosity; r is the effective 
radius of the red blood cell (radius of the sphere whose vol-
ume equals the volume of the red blood cell); u is the velocity 
of the fluid flow. 

The red blood cell suspension was prepared by adding a 
drop of whole blood into saline at a ratio 1 : 1000. Thus, the 
viscosity  of  the  fluid,  where  red  blood  cells  resided,  was 
considered  equal  to  the  viscosity  of  water,  for  which  h  = 
0.00101 Pa s. The effective radius r of the red blood cell was 
chosen to be 2.7 mm, which corresponds to the red blood cell 
volume V = 82 mm3. The fluid flow velocity u was determined 
by five to seven measurements with different red blood cells. 

Thus, by measuring (at different  laser beam powers) the 
fluid flow velocity, which pulls the particle out of the optical 
trap, we can obtain the dependence of optical trapping force 
on laser power. The dependence obtained in our experiments 
is shown in Fig. 3. Note that it is close to linear. The maxi-
mum force of the red blood cell trapping, which is equal to 20 
pN, is reached at an Nd : YAG-laser beam power of 50 mW. 

Particle  trapping  efficiency  of  the  optical  trap  can  be 
characterised by the coefficient Q, defined by the formula F 
= QnmP/c. Here, F is the trapping power; P is the power of 

the laser beam incident on the particle; nm is the refractive 
index of the medium surrounding the particle; c is the speed 
of light in vacuum. Evaluation by this formula shows that 
in our experiments the red blood cell trapping efficiency is 
Q » 0.09. 

5. Measurement of interaction forces 
between red blood cells in the aggregate 

To carry out the corresponding measurements, the red blood 
cell  suspension  was  prepared  in  a  special  way.  First,  fresh 
whole blood was settled down for several hours until most of 
the red blood cells were settle. Then, using a micropipette we 
pumped out 1 mL of plasma from the top layer and added 
5 mL of the settled red blood cells into it. Thus, the concentra-
tion of  red blood  cells was  significantly  reduced, making  it 
possible  to work with  individual  red blood cells and aggre-
gates. After placing a drop of the sample on a glass slide we 
waited for 10 – 15 min, until all large particles (red blood cells, 
platelets, etc.) settle to the bottom of the cuvette. Otherwise, 
the work is complicated by the fact that foreign particles fall 
into the trap. In addition, during this time almost all the red 
cells merge into aggregates, and there are almost no cells  in 
the free state (Fig. 4). 

A

B

a b c

Figure 2. Images of the red blood cell immediately after trapping (a) and after 10-min (b) and 15-min (c) trapping. The images A correspond to a 
channel created by the Nd : YAG laser, B – by the semiconductor laser. 
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Figure 3. Experimentally measured dependence of the optical trapping 
force on the power of the laser beam incident on the red blood cell.
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The measurements were performed with linear aggregates 
consisting  of  several  cells  (2 – 9).  First,  using  one  trap  the 
aggregate was raised from the bottom of the cuvette. Then, 
moving  the  sample  stage,  we  made  the  fluid  flow,  which 
turned the aggregate in the horizontal plane, and the opposite 
end of the aggregate was captured by the second trap. After 
that, the laser beams were moved apart in opposite directions, 
which led to the destruction of the aggregate, i.e., disaggrega-
tion. All stages of the process are shown in Fig. 5. 

In one of our experiments, a linear aggregate of red blood 
cells, the so-called rouleaux, was captured by the ends by the 
double-beam  optical  tweezers.  Then,  the  laser  beams  were 
moved apart in opposite directions for some distance, which 
caused deformation (stretching) of the aggregate. After that, 
we  started  decreasing  the  Nd : YAG-laser  beam  power.  At 
some  power P  of  the  beam,  the  corresponding  end  of  the 
aggregate was pulled out of the trap. We drew a conclusion 
that at the given beam power, the optical trapping force F is 
equal to the interaction force between the red blood cells in 
the aggregate Fint. 

The value of the force F can be determined using the cali-
bration curve (Fig. 3). However, for a more accurate estimate, 

we should take into account that the physical characteristics 
of blood plasma are different from the physical characteristics 
of water. In this connection, we performed a separate calibra-
tion of the optical tweezers in the plasma. It was found that 
the rate of the plasma flow pulling the red blood cell out of the 
trap at the given laser beam power P is 96 ± 13 mm s–1. The 
coefficient  of  the  plasma  viscosity  was  h  =  0.001717  Pa  s. 
Thus, by using Stokes’ formula, we obtain F = 8.4 ± 1.1 pN. 
Therefore, the interaction force between red blood cells in the 
aggregate,  deformed  by  means  of  the  double-beam  optical 
tweezers, is Fint = 8.4 ± 1.1 pN. 

6. Conclusions 

We  have  fabricated  double-beam  optical  tweezers,  suitable 
for measuring the force of interaction between red blood cells. 
The experiments have shown that the optical tweezers provide 
secure trapping of red blood cells and their aggregates. It has 
been also found that the trapping of a red blood cell in the 
optical trap for 15 min does not lead to any visible changes in 
it. 

We  have  calibrated  the  optical  tweezers  by  the method 
based  on  the  use  of  viscous  forces. We  have  obtained  the 
experimental dependence of the optical trapping force on the 
laser beam power, which was  close  to  linear. We have also 
demonstrated  the  possibility  of  measuring  the  interaction 
forces between red blood cells in the aggregate, deformed by 
the optical  tweezers. The developed method can be used  to 
assess  the  strength  of  linear  aggregates  of  red  blood  cells 
under various conditions.
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