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Abstract—Cell stiffness that can be measured accordingly elas-
ticity modulus is an important biomechanical feature that plays a
one-to-one role on the basic features of the cell, such as migration
and proliferation, and this feature is significantly affected by
the characteristic of the cytoskeleton. Reactive Oxygen Species
(ROS) are side-products formed as a result of the cell’s general
metabolic activities. Cells have a very effective antioxidant
defense to deactivate the toxic effect of ROS however, oxidative
stress at abnormal levels significantly damages cellular balance.
Many conditions such as inflammation, neurodegenerative and
cardiovascular diseases and aging are associated with oxidative
stress. Besides, oxidative stress is one of the parameters that affect
the biomechanical behavior of the cell, but the mechanism of this
effect still remains a mystery. In this study, oxidative stress was
mimicked on Human Umbilical Vein Endothelial (HUVEC) cells
by using H2O2 and the effect of this situation on cell stiffness
and morphological structure was investigated interferometrically
for the first time. The changes that occurred in the cell stiffness
were determined by calculating the elasticity modules of the cells.
Cells were exposed to H2O2 for 24 hours at 0.5 mM and 1
mM concentrations, and as a result, cell stiffness was shown to
decrease due to increased H2O2 concentration.

Keywords—cell stiffness, digital holography, reactive oxygen
species, 3D image processing.

I. INTRODUCTION

The mechanical properties of the cell are associated with
many characteristic features such as the cell’s functionality,

motility [1], [2], proliferation, migration and differentiation
[3]. Changes in the elasticity of cells are affiliated with
abnormalities in cell functions and many diseases such as
vascular diseases, kidney diseases, cancer, neurodegenerative
diseases and diabetic complications [4], [5], [6], [7]. Oxidative
stress occurs as a result of excessive increase of the free
radicals formed by the cells as a side-product as a result
of metabolic activities and the basic antioxidant mechanism.
Reactive oxygen species accumulating in the cells causes
damage to protein and fat structures and DNA. Moreover,
many proteins in the cytoskeleton are sensitive to reactive
oxygen species as well. The actin cytoskeleton has a critical
role for vascular cells to perform their functions and it is
significantly affected by oxidative stress. Therefore, it is very
important to understand the effect of free radicals on the cells
in order to better understand the mechanics of the cells under
oxidative stress. [8].

In this study, which was carried out to examine the effect
of oxidative stress on cell mechanics in more detail, oxidative
stress was mimicked on HUVEC cells through the application
of H2O2 at different concentrations. Changes in cell stiffness
were measured through morphological measurement obtained
via digital holographic microscopy. The results indicate a de-
crease in the cell stiffness with increased H2O2 concentration.
The key contribution of this study to the literature is that
for the first time digital holographic microscopy was used
to measure cell stiffness of the oxidative stress-induced cells.978-1-7281-8073-1/20/ $31.00 © 2020 IEEE
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This method has the critical advantage of minimally effecting
the cells’ viability and having minimal side effects on the
measured values.

II. MATERIALS AND METHODS

A. Manufacturing of the PDMS Fluidic Chamber

The PDMS chamber where the cells were grown was
produced by mixing PDMS with 10:1 (w/w) pre-polymer and
curing agent materials, respectively. Then the air bubbles in
the mixture were removed via a vacuum desiccator. 25 × 7.1
× 0.50 mm PZT transducer was placed on the polymer that
poured into a mold. The polymer mixture was baked at 60°C
for 3 hours and hardened. A partition of 12 mm x 12 mm
x 5 mm dimensions was prepared inside the PDMS, which
was peeled off from the mold. Finally, oxygen plasma was
applied for 2 minutes for bonding the PDMS structure to the
microscope glass irreversibly with 400 mTorr pressure and
high level power.

B. Cell Culture and H2O2 Treatment

HUVEC cells were used for cell culture experiments.
Ethical approval is not necessary for the standard
cell lines. The cell lines were cultured in DMEM/F12
medium (supplemented with 10% fetal bovine serum and
penicillium–streptomycin 0.5% from 10,000 units mL−1

Penicillin–10 mg mL−1 Streptomycin) and incubated at
37°C in 5% CO2. The confluent culture was trypsinized
to detach cells from the surface and centrifuged at 1,000
rpm for 5 min. The supernatant was discarded, and the cell
number in the pellet was counted with a hemocytometer.
Subsequently, a 5 × 103 cells mL−1 concentration of cells
was seeded on microchips and prepared for H2O2 experiment.

Cells seeded on microchips were exposed to H2O2 for 24
hours with the concentrations of 0.5 mM and 1 mM. Then,
cell stiffness and changes in cell morphology, which developed
due to oxidative stress were examined interferometrically.

C. Holographic Vibration Measurement and Determination of
Cell Stiffness

In order to measure the morphological changes induced on
the cells by the PZT transducer, we use an interferometric
imaging system that is based of the phase shifting Mach-
Zehnder setup. A high frequency piezo actuator is used for
phase-stepping actuated in 100 steps per second. We developed
an algorithm for real-time holographic reconstruction using a
continuously shifting piezo actuator and a high speed CCD
camera (Zeiss Axiocam 702 mono). The CCD camera is
synchronized to the motion of the piezo actuator and at each
step captures an image.

Itij = Aij +Bijcos(Φj + δi) (1)

where t denotes the theoretical value and i represents the
ith phase-shifted interferogram (i=1,2,...,M) and j denotes the

individual pixel locations in each image (j=1,2,...,N). Here Aij

is the background intensity, Bij is the modulation amplitude,
Φj is the angular phase information and δi is the phase-shift
amount of each frame. Combining the information obtained
from multiple interferograms captured throughout a period of
the vibration, the displacement amplitude can be extracted.

III. RESULTS

Displacements of cells that were not treated with H2O2

(control group) as measured by the holographic imaging setup
is given in Figure 1-(a). Here the displacement measurements
were given for five different cells for the period of the during
which measurements were taken. Similarly displacements of
cells treated with 0.5 mM and 1 mM H2O2 respectively
are given in Figure 1-(b) and Figure 1-(c). Calculated dis-
placement model parameters are given in Figure 2. These
results indicate that the displacement amplitude decreases with
increased H2O2 concentration.

(a)

(b)

(c)

Fig. 1. Displacement of cell membranes for 0, 0.5 and 1 mM H2O2

concentrations. It was observed that the cell stiffness values were decreased
for increased H2O2 concentration.



202

19-20 Kasım 2020
ONLINE

Fig. 2. Elasticity values of the HUVEC cells with different H2O2 concentra-
tions. It was observed that the modulus of elasticity decreased with increasing
H2O2.

According to the results; Cell stiffness of the HUVEC cells
was found as 1.64 kPa when it was not treated with H2O2

and decreased to 1.22 kPa and 0.87 kPa with 0.5 and 1
mM H2O2 concentration respectively. In other words, the cell
stiffness was found to decrease in response to increased H2O2

concentration. These results were expected as described in
Section I due to the oxidative stress induction on the cells
by H2O2. In addition, a similar study by Sun et al. [9] found
similar results by measuring the cell stiffness change due to
H2O2 using an AFM.

The intensity distribution of a given interferogram obtained
from the Mach-Zehnder interferometer can be expressed as
follows [16]

IV. CONCLUSION

According to the results; it was shown that cell stiffness
decreased due to increased H2O2 concentration. Cells have
become mechanically softer when the H2O2 concentration
is greater than 0.5 mM. This can be attributed to the re-
organization of the cytoskeleton of cells in which oxidative
stress is stimulated by H2O2. Oxidative stress could disrupt
cytoskeleton-membrane association in consequence of the
increased H2O2 concentration and the reduction in stiffness
of the cells after being treated with hydrogen peroxide for
24 hours may be associated with actin depolymerization and
cytoskeleton reconstruction. Measuring cell mechanics inter-
ferometrically will enable the examination of the effects of
various agents on the cell mechanics with very low margins
of error without using any marker agent on the cells, besides,
the mechanical properties of cells can be evaluated on a single
cell basis due to this technology.
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