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ABSTRACT 

Optical stretcher is a tool in which two counter-propagating, slightly diverging, and identical laser 
beams are used to trap and axially stretch microparticles in the path of light. In this work, we 
utilized the dual-beam optical stretcher setup to trap and stretch human embryonic kidney 
(HEK) cells and mammalian breast cancer (MBC) cells. Experiments were performed by 
exposing the HEK cells to counter-propagating laser beams for 30 seconds at powers ranging 
from 100 mW to 561 mW. It was observed that the percentage of cell deformation increased 
from 16.7% at 100 mW to 40.5% at 561 mW optical power. The MBC cells exhibited significantly 
higher cell stretching compared to HEK cells at the same power (80 mW). Moreover, the 
minimum trapping power in HEK cells was 80.5mW as compared to 65.2mW in MBC cells. This 
study provides useful insights into the characterization of cytoskeletal elasticity in different cell 
types based on non-contact optical cell stretching.   

 

1. INTRODUCTION 

Optical Tweezers (OT) also known as single-beam gradient force trap is a technique in which 
small objects are immobilized and manipulated without any mechanical contact using coherent 
light beams. OT has been widely used in cell biology for studying the biophysical properties of 
cells, analyzing the structure of DNA and cell sorting [1]. OTs utilize change in momentum of a 
light beam when it interacts with a particle in its path to trap it by exerting a proportional force on 
the particle surface. This concept of laser trapping to manipulate glass spheres and micron 
sized latex was reported in 1970 by Arthur Ashkin while working at Bell Labs [2]. A dual-beam 
optical stretcher (OS) [3], on the other hand, consists of two counter-propagating, slightly 
diverging, and identical laser beams to trap and deform an object in the path of beams as 
shown in the Figure 1.  

 

Figure 1: Principal of cell stretching in a dial-beam optical stretcher [4]. 
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The principle of an OS can be explained using the ray optics approach. Whenever a ray of light 
is reflected or refracted at an interface between media with different refractive indices, changing 
direction or velocity, its momentum changes. Since momentum is conserved, some momentum 
is transferred from the light to the interface. Due to this momentum transfer, by Newton’s 
second law a force is exerted on the surface, which is responsible for stretching the cells. OSs 
have been demonstrated as a valuable tool for cell comparison between normal and cancerous 
cells. Guck et al. [5] exploited it to evaluate variations in the mechanical properties of various 
cell lines including healthy, tumorigenic and metastatic cells. It was reported that the cell 
membrane stiffness or cell’s cytoskeletal elasticity can be effectively used as an indicator of 
early onset of disease such as cancer [5]. The use of OS to study the mechanical properties of 
cells has distinct advantages over other methods, such as, micropipette aspiration [6], micro 
plate manipulation [7] and Atomic force microscopy [8], all of which involve mechanical contact 
with the cells. OS on the other hand is a non-contact method. Therefore, chances of 
physical/mechanical damage to the cells being investigated are eliminated. In this study, we 
used a dual-beam OS setup to characterize the deformation properties of human embryonic 
kidney (HEK) and mammalian breast cancer (MBC) cells. Our aim was to quantify the 
differences in behavior of the two cell types in OS, which could be exploited in cell sorting as 
well as early detection of breast cancer.    

 

2. METHOD 

2.1 Stress distribution 

Consider a spherical microparticle or a biological cell trapped in the path of a light beam as 
shown in Figure 2. By using ray optics approach, the forces acting on the surface of the cell can 
be estimated. The ray optics approach is valid when the size of the trapped object is much 
larger than the wavelength of the light (λ). The typical diameters of biological cells such as HEK 
cells are in the range of 20-40 µm, which satisfies the ray optics criterion. i.e. 2πρ/λ≫1, where ρ 
is the radius of the sphere [9]. 

The idea is to dissociate an incident laser beam into individual rays with appropriate intensity, 
momentum, and direction. Each ray carries a certain amount of momentum ݌ proportional to its 
energy ܧ and the refractive index ݊ of the medium it travels in, ݌ = ௡∙ா௖  ,      (1) 

where, ܿ is the speed of light in vacuum. When a ray hits the interface between two dielectric 
media with refractive indices ݊ଵ and ݊ଶ, some of the ray’s energy is reflected from the interface 
and the rest is transmitted. The reflection and transmission coefficients are calculated from 
Fresnel formulas [10]. The momentum of the reflected ray is ݌௥ = ௡భ∙ோ∙ா௖ ,       (2) 
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and the momentum of the transmitted ray is  

௧݌	                                                          = ௡మ∙ሺଵିோሻ∙ா௖  .                                                     (3)  

The incident momentum,  ݌௜ = ௡భ∙ோ∙ா௖ ,       (4) 

has to be conserved at the interface. The difference in momentum between the incident ray and 
the reflected and transmitted rays, ∆݌ = ௜݌ − ሺ݌௥ +  ௧ሻ, is picked up by the surface, which݌
experiences a force ܨ	according to Newton’s second law, ܨ = ∆௣∆௧ = ௡భ∙∆ா௖∙∆௧ = ௡భ∙ொ∙௉௖ ,      (5) 

where ܲ is the incident light power and ܳ is a factor that describes the amount of momentum 
transferred. When a single light ray hits the front surface (outer wall of the cell) of the cell, it 
undergoes first reflection and transmission (see Figure 2). The transmitted ray inside the cell 
reaches the back surface (inner wall of the cell) and undergoes second reflection and 
transmission. Momentum transfer happens at both  front and back surfaces, which implies that 
the surface of the cell experiences force on both the front and back surfaces. Therefore, the 
factor ܳ will have two components ܳ௙௥௢௡௧ and ܳ௕௔௖௞, representing the momentum transfer at the 
front and back surfaces, respectively.  

Depending on the shape of the biological cell, different analytical models are proposed to obtain 
the exact the	ܳ௙௥௢௡௧	and ܳ௕௔௖௞ expressions. For instance, Guck et al [1] proposed an 
approximate model to obtain the expression for ܳ. This model approximates the biological cell 
as a cube to derive the ܳ௙௥௢௡௧	and ܳ௕௔௖௞expressions for two different cases i.e. for normal and 
oblique incidences. Later on, Paul Bareil et al [10, 11] assumed the biological cell as an exact 
sphere and derived more realistic formulation for ܳ. 

Based on the angles defied in Figure 2, the expressions for the components of ܳ on the front 
surface are ܳ௙௥௢௡௧	௑ = ሾcosሺߜሻ − ݊ ∙ ܶሺߝሻ ∙ cosሺ߶ଵ − ሻߚ + ܴሺߝሻ ∙ cosሺ2ߝ −  ሻሿ,    (6)ߜ

 ܳ௙௥௢௡௧	௒ = ሾsinሺߜሻ−݊ ∙ ܶሺߝሻ ∙ sinሺ߶ଵ − ሻߚ + ܴሺߝሻ ∙ sinሺ2ߝ −  ሻሿ.   (7)ߜ

Similarly for the back surface 

 ܳ௕௔௖௞	௑ = ܶሺߝሻ ∙ ሾ݊ ∙ cosሺ߶ଵ − ሻߚ + ݊ ∙ ܴሺߚሻ ∙ cosሺ3ߚ − ߶ଵሻ + ܶሺߚሻ ∙ cosሺߝ + ߶ଵ −  ሻሿ, (8)ߚ2
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ܳ௕௔௖௞	௒ = ܶሺߝሻ ∙ ሾ݊ ∙ sinሺ߶ଵ − ݊+ሻߚ ∙ ܴሺߚሻ ∙ sinሺ3ߚ − ߶ଵሻ + ܶሺߚሻ ∙ sinሺߝ + ߶ଵ −  ሻሿ.  (9)ߚ2

It should be noted that, while deriving these equations the state of polarization of the light is not 
considered which can affect the reflectance and transmittance. By using Eqs. (6)-(9) the 
expression for total ܳ is  ܳ௧௢௧ = ܳ௙௥௢௡௧ + ܳ௕௔௖௞,      (10) 

 

ܳ௧௢௧ = ටቀܳ௙௥௢௡௧	௑ሺ߶ଵሻቁଶ + ቀܳ௙௥௢௡௧	௒ሺ߶ଵሻቁଶ + ට൫ܳ௕௔௖௞	௑ሺ߶ଶሻ൯ଶ + ൫ܳ௕௔௖௞	௒ሺ߶ଶሻ൯ଶ.     (11) 

By using Eq. (11) we can obtain the amount of momentum transferred to each and every point 
on the surface of the sphere uniquely because the final momentum is a function of both ߶ଵand ߶ଶ. By using these polar angles every location on the sphere can be uniquely determined. 
Therefore by using Eq. (5), we can calculate the force acting on every element on the surface of 
sphere.  

Once the force is obtained, the expression for surface stress or the stress acting on every 
surface element of the sphere is derived as ߪ = ௡భ௖ ∙ ௉஺ ܳ = ௡భ௖ ∙ ܫ ∙ ܳ.                                                         (12) 

 

 Figure 2: Representation of incident, reflected and transmitted rays on a spherical object trapped in the 
path of two counter-propagating beams. Note that for simplicity the rays are shown only for one beam. 

2.2 Experimental setup 

Figure 3A shows a schematic of our dual-beam setup. Figure 3B shows the dual-beam optical 
set up used in our trapping and stretching experiments. This setup utilizes two multi-axis 
positioning stages to position the optical fibers directly counter-propagating from one another 
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with < 5 µ݉ accuracy in the XY plane as seen under the KH 1300 Microscope. Two high power 
laser sources (975 nm wavelength) were used to derive the optical beams through each fiber. 
An optical power meter with an accompanying photodetector was used to measure the output 
power of a cleaved and polished optical fibers before use. The sample stage along with fiber 
ends was observable on big screen through a digital microscope image acquisition.  

 

 

2.3 HEK cell stretching: Human embryonic kidney 293 (HEK293) cells were purchased from 
American Type Culture Collection (ATCC; Manassas, VA).  They were grown in cell culture 
flasks following the supplier’s protocol.  Briefly, the frozen cells were thawed at 37 0C water 
bath, transferred to 10 ml tube containing fresh growth medium (see below) and centrifuged at 
1000 rpm.  The cell pellet was resuspended in Eagle’s Minimum Essential Medium (EMEM), 
containing L-glutamine and 10% FBS and transferred to the cell culture flask in a sterile 
hood. The culture was transferred to a 37 0C incubator that was maintained with 5% CO2 until 
the flask reached 80% confluence. The cells were harvested and resuspended in Hanks’ 
balanced salt solution (HBSS; Atlanta Biologicals, Lawrenceville, GA) and used for the 
stretching experiments.  

The cells suspended in HBSS were dropped in the sample holding area between the two optical 
fibers. The cells were trapped using the two counter-propagating, diffraction-limited diverging 
beams at various trapping powers. The trapping power was expressed as total optical power 
from both the beams. For each power, the cell was maintained in the trap for 30 seconds to 
allow for adequate time for its membrane deformation. Continuous images were acquired during 
the entire 30-sec protocol using the digital microscope at the frame rate of 15 frames per 
second.  

2.4 Deformation analysis: The acquired images were processed in MATLAB to determine the 
cell deformation using image processing toolbox. Image thresholding based on grayscales was 

Figure 3: Dual-beam experimental setup used in our experiments. 
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used to delineate the cell boundaries in the acquired images. In order to compensate for the 
errors due to cell motion in the z-axis within the trap, an aspect ratio (ratio of the most stretched 
axis to the least stretched axis) of the cell was calculated to determine the cell deformation, 
similar to Guck et al. [5].       

 

3    EXPERIMENT RESULTS 

3.1   Stretching of HEK cells  

We successfully trapped and stretched HEK cells using the above described dual-beam OS 
setup (Se Figure 4A. The minimum total trapping power needed for HEK cells was 80.5 mW. 
However, this power was not sufficient to stretch the cell. Figure 4 shows the delineated 
boundaries of the original HEK cell just prior to entering the trap (Panel B) and the same cell at 
the end of 30 sec trap (Panel C) under the total power of 164mW. The delineated cell boundary 
in Panel B clearly shows cell deformation along the axis of light path. 

  

Figure 5 shows cell deformations of HEK cells for varying trapping powers (n=5 for each 
power).The powers used to trap and stretch cells were 100mW, 164mW, 329mW, 425mW and 
561mW. The figure clearly shows that the extent of deformation increases as power increases 
(16.7% at 100 mW to 40% at 561 mW). 

 

Figure 4: A) Trapped HEK cell between two optical fibers carrying counter-propagating laser 
beams. Delineated cell boundary B) before and C) after 30 seconds in the trap under 164 
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3.2 Stretching of Cancer cells 

We also attempted to trap MBC cells using the same setup (Figure 6) in order to study the 
differences in cell deformation ability of the two cell types. The minimum trapping power for 
MBC cells was significantly lower (65.2 mW) as compared to the HEK cells under the same 
conditions. Figure 6 shows a representative example of a breast cancer cell before trapping 
(Panel B) and 30 seconds post-trapping (Panel C) under the total power of 80mW. The image 
analysis determined the deformation ratio in MBC cells as 32.5% (n=2) which is significantly 
higher to that of in HEK cell for the same trapping power.  

 

 
 
 

4.  CONCLUSIONS 

In this study, we utilized a dual-beam optical setup to successfully trap and stretch HEK and 
MBC cells without any mechanical contact. The minimum optical power needed to trap MBC 

Figure 6: A) Trapped MBC cell between two optical fibers carrying counter-propagating laser 
beams. Delineated cell boundary B) before and C) after 30 seconds in the trap under 80 mW 

Figure 5: Plot of the cell deformation with increasing power (n=5 for each power). 
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cells was significantly lower (65.2 mW) to that of HEK cells (80.5 mW). We were able to achieve 
40% cell stretching in HEK cells and 32.5% in MBC cells. It was observed that the percentage 
deformation in cells monotonically increased with the increase in optical power of the trap. This 
study provides useful insights into the characterization of cytoskeletal elasticity in the two cell 
types based on non-contact optical cell stretching. More experiments are warranted to establish 
a definitive trend in cell deformation in the two cell types, which could be useful in identifying 
early onset of disease based on the mechanical characterization of cells. 
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