
 

 

 

 

Abstract— Acute lymphoid leukemia is a common type of 

blood cancer and chemotherapy is the initial treatment of 

choice. Quantifying the effectiveness of a chemotherapeutic 

drug at the cellular level plays an important role in the process 

of the treatment. In this study, an optical tweezer was employed 

to characterize the mechanical properties of Jurkat cells 

exposed to artesunate (ART) as a chemotherapy. A 

mathematical model was developed to describe the mechanical 

characteristics of the cell membrane and its features. By 

comparing the modeling results against experimental results 

from the optical tweezer, the elastic modulus of the Jurkat cells 

before and after ART treatment was calculated. The results 

demonstrate an increase in the cell stiffness after treatment. 

Therefore, the elastic modulus of a cell membrane may be a 

useful biomarker to quantify the effectiveness of a 

chemotherapeutic agent. 

I. INTRODUCTION 

Acute lymphoid leukemia (ALL) is a type of blood 
cancer, which is characterized by the rapid proliferation of 
transformed lymphoblasts, and is the most common type of 
blood cancer in children [1]. Early treatment of the disease is 
essential, since the increased number of malignant cells could 
spill over into the blood stream and spread to other organs of 
the body. The most common treatment for leukemia is 
chemotherapy. Finding and analyzing the effectiveness of 
drugs with less toxicity on normal cells is indispensable for 
completely curing the cancer. Artesunate (ART) is an herbal 
compound which is conventionally used for malaria 
treatment. It also has anti-cancer effects, especially against 
leukemic cells (e.g., Jurkat cells–an immortalized line of 
human T lymphocyte cells) and colon cancer cells, as 
reported by the Developmental Therapeutics Program of the 
U.S. National Cancer Institute [2]. Previous studies have 
revealed the effect of ART on leukemia apoptosis, while 
having modest side effects on normal cells [3]. 

One report has suggested that exposing cells to 
pharmacological agents can cause membrane disorder 
changing its mechanical properties [4]. In Cai et al. [5], 
morphological changes of Jurkat cells exposed to ART were 
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analyzed using atomic force microscopy (AFM). Their results 
demonstrated that ART causes damage to the Jurkat cell 
membrane and changes the cell’s mechanical properties, thus 
inhibiting cellular proliferation. Based on this report [5], 
analyzing the mechanical properties of the Jurkat cell 
membrane may serve as a useful biomarker to quantify the 
effectiveness of ART on leukemia as a chemotherapeutic 
agent. 

In order to carry out a quantitative study of cell 
membrane mechanics, a numerical model is needed. In the 
literature, different mechanical models based on membrane 
theory have been developed to describe the biomechanical 
responses of cells. For instance, mechanical properties of 
microcapsules filled with liquid were analyzed by Carin et al. 
[6]. A variety of techniques have been used to experimentally 
characterize the response of suspended cells to mechanical 
loading. Mechanical characterization has been performed 
using two indentors or microinjection techniques to 
investigate suspended tomato cells [7] and zebra fish 
embryos at different developmental stages [8], respectively. 
Also, the effect of osmotic condition on red blood cells’ 
(RBCs) mechanical properties was studied by Tan et al. [9] 
via mechanical modeling and manipulating the RBCs using 
optical tweezers. The large deformation of a spherical 
membrane inflated by an incompressible fluid in contact with 
frictionless rigid conical indenter was analyzed by Sohail and 
Nadler [10]. As a more recent development, mechanical 
properties of human embryonic stem cells in cardiac 
differentiation were analyzed using optical tweezers in Tan et 
al. [11]. In all of these studies, [6]-[11], the membrane theory 
is applied to model the mechanical properties of the cells. In 
membrane theory, the transverse tensions and bending 
moments are neglected for brevity, and only the in-plane 
stress resultants are retained in the analysis. However, the 
biological membrane’s bending moment, which arises 
because of the non-uniform distribution of the stress over the 
cross section due to the external force, may have an effect on 
the accuracy and non-singularity of the model [12]. In the 
current paper, the more comprehensive shell theory is applied 
to determine the mechanical response of a suspended cell 
membrane, in order to account for any bending moments that 
may arise from the use of an optical tweezer in the 
mechanical characterization of the membrane of Jurkat cells.  

 To verify the accuracy of the model, an optical tweezer 
was employed. The optical tweezer is a powerful tool that 
can be employed to measure the mechanical characteristics of 
micron-sized objects by applying force and deformation on 
the order of picoNewtons (pN) and nanometers (nm), 
respectively. In this paper, mechanical properties of Jurkat 
cells exposed to different dosages of ART are measured by a 
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combination of optical tweezers and a numerical model. 
Comparison of the results demonstrates the performance of 
the proposed model and the effectiveness of the optical 
tweezer to evaluate the effect of ART on cell membrane 
mechanical features.  

II.   MECHANICAL MODEL OF CELLS 

Membrane theory has been extensively used for the 
mechanical characterization of cell membranes [6]-[11]. This 
theory is a simplified version of the shell theory in which the 
transverse tensions and bending moments are neglected, and 
only the in-plane stress resultants are retained in the analysis. 
In the proposed method, the shell theory is applied to 
determine a mechanical model of the suspended cell 
membrane, as a complete analysis, which might include the 
relative contribution of uneven distribution of stress in our 
case [12], [13]. Equilibrium equation are used to model the 
suspended cell deformation behavior as, 
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where    ,    ,    ,    are the principal tensions and 

curvatures;  ( ) is the radial position of the membrane;       
is the scalar bending modulus; and   is the normal pressure 
acting on the membrane, and it is calculated as the force of 
optical tweezer divided by the contact area [12]. The shape 
for cells before deformation is assumed to be spherical, and 
Mooney-Rivlin constitutive material is used to represent the 
cell material [8]. The principal tensions for the Mooney-
Rivlin material is expressed as, 
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where    and    are the principal stretch ratios, C and   are 
defined in terms of Mooney-Rivlin constants, i.e.    and   , 

where   
  

  
 and     , and    is the shell thickness [8]. 

For homogeneous, incompressible, isotropic elastic material, 
     (   ), where   is the elastic modulus. The set of 
non-linear differential equations in (1) and (2) are solved 
using the 4

th
 order Runge-Kutta and multiple shooting 

methods.   and   are obtained by optimization. The relation 
between different force and deformation ratios, as well as cell 
deformation shape can be achieved by solving the above 
equations. 

III. EXPERIMENT 

A. Optical Tweezer Setup 

The optical tweezer experimental setup (mmi Cell 
Manipulator, MMI AG, Zurich, Switzerland) is illustrated in 
Fig. 1.  A continuous wave 3W, Nd:YAG laser emitting light 
at a wavelength of 1064 nm was used and the Nikon TE2000 
inverted microscope was utilized. A dichroic mirror was 
used to reflect the laser beam into the 100× objective and 
focus on the sample. A two dimensional motorized stage 
driven by stepper motors with 78 nm positioning accuracy 
was used and the stage movement was controlled by visual 

feedback. A CCD camera was used for monitoring the 
experimental process. All the optical and mechanical 
components were placed on an anti-vibration table. 

 

 

B. Experiment Preparation 

Jurkat cells were cultured in RPMI-1640 supplemented 

with 1% penicillin, and 10% FBS at 37C in a humidified 
atmosphere of 5% CO2. The exponentially growing cells 
were cultured in four different dosages of ART (3.125, 6.25, 
12.5, 25μg/ml) for 24 h. Microbeads were adhered to cell 
membranes and were used as a handle for cell manipulation 
[9]. Streptavidin-coated polystyrene beads (0.5 mg/ml) with 
radii of 1.55 μm (Bangs Lab, Fishers, IN) were washed three 
times and incubated with 0.4 mg/ml  biotin-conjugated 

concanavalin A (Con A, Sigma) at 4C for 40 min with 
gentle mixing. The antibody-coated beads were then rinsed 
and added to the washed Jurkat cell suspension, which was 

incubated at 25C for 1 h to allow for the adhesion between 
beads and cells. 

C. Force Calibration 

The optical tweezers system can be calibrated using an 
escape force method [14]. In this technique, the force 
required to move a trapped microbead is calibrated against a 
known viscous drag force. The calibration procedure 
involves trapping a microbead in fluid at a measured height, 
h, above the glass slide surface. The fluid and height of the 
trapped bead from the slide surface will be kept unchanged 
throughout calibration and mechanical deformation. As the 
microscope stage is translated, the fluid exerts a viscous drag 
force on the trapped bead. The viscous drag force equals the 
trapping force when the bead just escapes the trap. Using the 
stage velocity, at the point of escape of the trapped bead, the 
drag force, which is the opposite of the escape force, is 
estimated as, 
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where   is the bead radius,   is fluid viscosity,   is the stage 
velocity beyond which the bead escaped the trap, and h is 
the separation distance of the bead from coverslip surface. 
We used phosphate buffered saline (PBS) as our fluid which 

has  =0.9 mPas at 25

C. During our calibration and cell 

stretching experiment the separation distance of the bead 

Figure 1. Optical tweezer setup. 
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from the coverslip was kept at 5 μm. Correlation of laser 
power with force was determined from repeated trials at five 
different laser powers (Fig 2). 

 

Figure 2.Calibration results of trapping force for a 1.5 μm bead (R2=0.98). 

D. Jurkat Cell Stretching Using the Optical Tweezer  

The beads, which were adhered to the Jurkat cell 
membranes, were used as a handle and trapped by a laser 
beam to minimize the optical damage. The cell stretching 
process required anchoring a small portion of the cell to the 
chamber. In order to attach the cells to the slide, the glass 
slides were coated with poly-L-lysine (Sigma). The bead 
which was attached to the cell membrane was trapped by the 
laser beam. Then, the stage was moved at a velocity of 2 
μm/s to diminish the extra viscous drag force exerted on the 
trapped bead. By moving the stage, the part of the cell that 
was attached to the chamber will move, while the bead 
remains fixed in the laser trap, and the Jurkat cells were 
stretched. The trapping force was equal to the pulling force 
at the certain maximum deformation. Excess stretch led to 
escape of the bead from the trap. 

 Cell deformation was measured at different laser power. 
Increasing the laser power could lead to more deformation in 
the cell membrane as illustrated in Fig. 3. The stretching 
force was acquired by the calibrated force-power relation in 
Fig. 2. Also, for each level of laser power, the cell 
deformation was acquired by image processing techniques. 
During the experiment five different cells were stretched at 
each laser power, and the results were averaged. Cell 
deformations were obtained from the stretched cell images 
when the maximum deformation was observed by image 
processing.  

IV. RESULTS AND DISCUSSIONS 

The cell radii were measured for 150 Jurkat cells and the 
results are presented in Table 1. The contact radius was 
measured 0.8 μm from the image of an adhered bead to the 
cell membrane. The membrane thickness was approximated 
as 7nm [15]. Using these parameters the force-deformation 
relation based on the proposed mechanical model were 
obtained. These results are from the assumption of uniform 
deformation, which is an approximation for now and we will 
continue to look at the effect of this error in future studies.  

To obtain the cell properties from our experimental data, 
an identification procedure was used. The mechanical 
properties of cells (C and  ) can be identified when the 

deviation parameter between modeling and experimental 
data is minimized. The elastic modulus is reported so that we 
can compare it with previous results in this area.       

The mechanical modeling results as well as experimental 
results for the control group and drug treated Jurkat cells are 
shown in Fig. 4. Utilizing the experimental results along 
with modeling, the elastic moduli of un-treated Jurkat cells 
was estimated to be 0.224 0.04 kPa, which was increased to 
0.588 0.11 kPa after treatment with 25 μg/ml ART. These 
results show similar behavior as 0.254 0.035 kPa and 
0.648 0.037 kPa for Jurkat cells and, treated cells which is 
reported in [5]. A paired-samples t-test was conducted for 
each group of ART treated cells and control group to 
compare the effect of ART on the elastic modules of cell 
membrane. The result for 3.12 ug/ml ART treated cells 
shows a not-significant difference, t(4)=2.00, p=0.0801, 
while showing a significant difference for other groups of 
treated cells. For example the result for 6.25 μg/ml ART 
treated cells is t(4)=5.62, p=0.0013, which suggests that the 
ART treatment affect the elastic modulus of the Jurkat cells 
membrane. The elastic moduli of cells exposed to different 
dosages of ART are illustrated in Fig. 5. These results 
demonstrate that the ART treated cells’ elastic moduli 
increased in a dose-dependent fashion in contrast to the 
control group.  

Comparing the deformation results for the control and 
drug treated cells, at the same stretching force, revealed that 
the control group deformed more severely than the ART-
treated cells, therefore the cell stiffness increased with 
chemotherapy. 

  

 

Figure 3. Jurkat cell deformation at four different levels of stretching forces. 

(a) 0pN, (b)6.3pN, (c) 18.9pN, (d) 31.5pN. 

 

TABLE I.  CELL RADII MEASURED FOR 30 JURKAT CELLS IN 

EACH GROUPS. 

Cell Radius (μm) 
Control Group           

3.12 μg/ml ARTesunated          

6.25 μg/ml ARTesunated          

12.5 μg/ml ARTesunated          

25 μg/ml ARTesunated          

 

V. CONCLUSION 

An optical tweezer was used to measure mechanical 
properties of Jurkat cells exposed to ART. Previous studies 
[5] showed that ART could inhibit the growth of Jurkat cells, 
and increasing the concentration of ART could increase the 
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inhibition rate. The result of this study is in agreement with 
the previous studies. 

 

Figure 4. Mechanical responses of Jurkat cells and 3.12 μg/ml, 6.25 μg/ml, 
12.5 μg/ml, 25 μg/ml ARTesunated Jurkat cells from both experiment 

(points) and numerical simulation (solid line). Deformation in the cells is 

normalized to undeformed cell radius (The error bars are in terms of 
standard deviation). 

 

 
Figure 5. Effect of ART on average elastic modulus of Jurkat cells (The 

error bars are in terms of standard deviation). 

Force-deformation relation was measured for cells 
exposed to different concentrations of ART. Our results 
showed that the mechanical properties of the Jurkat cells 
changed when exposed to ART. Treated cell normalized 

deformation (0.038 m) was less than control cell 

deformation (0.157 m), when applying 48 pN force. The 
elastic modulus was 0.588 0.11 kPa in ART treated cells 
and 0.224 0.04 kPa in the control group. These results 
clearly show that the cell stiffness increased after the 
chemotherapy. Therefore, measuring the elastic modulus of 
cells, with the combined use of the optical tweezer and our 
numerical model as a tool, could serve as a useful biomarker 
to quantify the effectiveness of a chemotherapeutic agent. 
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