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Abstract: The elastic properties of cells are important for many of their functions, however
the development of label free noninvasive cellular elastography method is a challenging topic.
We present a novel single-cell all-optical coherence elastography method that combines optical
tweezers producing mechanical excitation on the cell membrane or organelle and phase-sensitive
optical coherence microscopy measuring sample response and determining its mechanical
properties. The method allows living cells imaging with a lateral resolution of 0.5 um and an
axial resolution up to 10 nm, making it possible to detect nanometer displacements of the cell
organelles and to record the propagation of mechanical wave along the cell membrane in response
to optical tweezers excitation. We also demonstrate applicability of the method on single living
red blood cells, yeast and cancer cells. The all-optical nature of the method developed makes it a
promising and easily applicable tool for studying cellular and subcellular mechanics in vivo.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Mechanical properties of living cell define its response to the mechanical forces from mi-
croenvironment and influence many cellular functions such as adhesion and migration [1].
Cellular biomechanics also becomes the defining epigenetic factor for the shape, behavior and
differentiation of the cell [2-4] and may be connected with various diseases. For example,
changes of mechanical properties of red blood cells are associated with Sickle cell disease and
hereditary cytoskeletal abnormalities [5,6], while mechanical interactions of cancer cells with
their microenvironment define the cancer progression and metastatic process [7]. There is growing
interest in studying the relationship between organelle biomechanics and cellular functions: for
instance, nucleus deformation has been shown to affect cell differentiation and proprioception
[8,9]. Research of living organisms in vivo are of great importance for determination of the
relationship between the biomechanics of cells, organelles and the functions of the organism and
its pathologies. Thus, development of noninvasive methods for studying the mechanical properties
of cells and their organelles, which can shed light on the connection between biomechanics and
the functional behavior of cells inside living organisms, is an urgent problem.

One of the most powerful noninvasive methods to study the mechanical properties of biological
objects, mainly tissues, is optical coherence elastography (OCE), which is based on the use
of optical coherence tomography (OCT) [10] for imaging, differentiation and registration of
sample movement under mechanical excitation [11-14]. The highest resolution in OCE is
achieved by using phase-sensitive optical coherence microscopy (OCM), which is a combination
of OCT and confocal microscopy [15-18]. Unlike monochrome phase imaging methods [19-21],
due to using light source with wide spectrum, OCM combines coherence and confocal gate
sectioning to improves imaging resolution and allow measuring of nanometer cellular membrane
displacements [15]. Mechanical excitation in the OCE is created using, for example, ultrasound
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pulses [22,23], air pulses [24,25], mechanical wave drivers [26] and radiation force [27]. Due to
the characteristic size of the area of influence, these sources are suitable for tissue elastography
and not for the individual cells. To study the mechanical properties of cells, a point excitation
is used. For single-cell OCE, magnetomotive approach [28] was proposed, but this method is
invasive because it requires to attach magnetic particles to the studied cell.

At the same time, other techniques provide point mechanical excitation to study the mechanical
properties of cells. The gold standard for this is atomic force microscopy (AFM), which uses the
movement of the cantilever to create a mechanical impact [29,30]. AFM allows studying with
high accuracy both the biomechanics of single cells and their organelles [31]. In the Fluid-Based
Deformation Cytometry and Micropipette Aspiration methods the motion of cellular parts is
not measured directly, but other parameters are analysed, such as transit velocity or the time
of cell transit through a microchannel [32]. Also, cells shape deformation under the acoustic
pressure is studied using acoustic tweezers [33]. These techniques have a lot of advantages,
such as high acting forces and possibility to measure elasticity of rigid cells. However, in these
approaches the elastic properties of the whole cell are measured and there is no possibility
to make subcellular mapping of cell mechanical response on the external excitation. Other
powerful techniques include magnetic twisting cytometry [34], Brillouin microscopy [35], and
optical tweezers (OT) [6,36-38]. The main disadvantages of AFM and magnetic twisting
cytometry are their invasiveness and the use of probes, that limits the possibility of using
these methods in vivo. OT and Brillouin microscopy are known to be the most contactless
and non-invasive methods; however, the weak scattering cross section of Brillouin microscopy
necessitates potentially harmful illumination intensities of the order of hundreds of milliwatts
[39]. The use of short wavelengths increases the scattering cross section, but decreases the
penetration depth. Mechanical excitation in OT is realized by action of gradient and scattering
forces near the waist of tightly focused laser beam, that make it possible to create point excitation,
trapping and rotation of objects, and can be used in combination with imaging methods [40—43].
For OCE of single living cells, optical tweezers can potentially be used as a source of mechanical
excitation, allowing elastography to be pointwise, completely optical and, therefore, contactless.

In this paper, we demonstrate novel single-cell all-optical coherence elastography technique
(SCAOCE) that combines optical tweezers to produce mechanical excitation on the cellular
or subcellular structures and phase-sensitive optical coherence microscopy to measure sample
response and thus to study its biomechanics. As a result, we have obtained an all-optical
noninvasive method, that allows living cells imaging with submicron lateral resolution and
nanometer axial resolution. The method potentially can take advantage of the OCM using
objective with longer working distance and be used to image cells located millimeters deep inside
biological tissue. This makes it possible to detect nanometer displacements of the cell organelles,
and to map the cell membrane response to the OT excitation. We demonstrate applicability and
correctness of the SCAOCE method on single living red blood cells, yeast and cancer cells.

Section 2 describes the experimental implementation of the SCAOCE method, the procedure
for measuring and processing data. Section 3.1 describes the imaging of single living cells using
the OCM module. The samples are discocytes (normal red blood cells, RBC) and spherocytes
(spherical RBC) — as high contrast single cells with a characteristic shape. Cells are imaged
with OCM without the use of optical tweezers, which allows testing the resolution of the OCM
module and its ability to visualize the optical path difference map.

Elastographic measurements of single living cells with simple and complex internal structures
are carried out in Section 3.2. Firstly, we use a simulation of the response of a cell with simple
shape and structure and make a comparison of the obtained values with the literature data. The
sample is a spherocyte — a cell with a spherical shape convenient for numerical calculations.
Next, elastographic measurements of single cells with a complex internal structure, baker’s
yeasts, are carried out. Finally, it is shown on cancer cells that the developed method can be



Research Article Vol. 13, No. 1/1 Jan 2022/ Biomedical Optics Express 16 |

Biomedical Optics EXPRESS A

successfully combined with the already existing rheology method based on optical tweezers
[6,44], complementing it and improving the resolution of the latter.

2. Methods
2.1. Cell preparation

Single living RBC of discocyte (a) and spherocyte (b) types, yeast (c) and cancer (d) cells are
used for experiments.

(a) For experiments with discocytes, 5 ul of fresh capillary blood was added to 1 ml of
autologous plasma. (b) A hypotonic sodium phosphate buffer solution (tonicity 0.82) was used
to prepare a sample with spherocytes. (c) For yeast cells sample, 1 gram of baker’s yeast
(Saccharomyces cerevisiae) was taken. Yeast cells were incubated in a solution of 2 ml of water
with 1 gram of sugar per hour at 30 °C. In each of cases (a, b, ¢) the solution with cells (40 ul)
was placed between two cover slips. (d) For experiments with cancer cells, a mouse breast cancer
culture (line 4T1) was taken, which was then mixed with 5-10 um borosilicate microbeads with
0.1 mg/ul concentration. Experiments were carried out at room temperature (21 °C) during 2
hours after removing the culture from the incubator.

For each cell sample refractive index values were taken from the Ref. [45]. All the cells were
attached to the substrate during the measurements.

2.2. Experimental setup

The SCAOCE experimental setup consists of two modules: OT and OCM ones. Preliminary
imaging of the cell is carried out using phase-sensitive OCM, which provides information about
the shape and internal structure of the cell. Then single-cell elastography is performed: OCM
records the response of the cell to the OT mechanical excitation. In experiments with spherocytes
the resulting imaging and elastographic data are then used in numerical simulations to estimate
the mechanical properties of the cell sample.

The OCM module is based on a combination of OCT and confocal microscopy (green rays
in Fig. 1(d)). The radiation of the 1050-nm Yb-doped solid-state femtosecond laser (Avesta
TEMA-70) is broadened by a nonlinear photonic crystal fiber NKT Photonics SC-5.0-1040
(Fig. 1(a)). The resulting 300-nm bandwidth radiation goes into Michelson interferometer
containing the sample in the signal arm. Position of the mirror in the reference arm can be
changed using optical translator (OptoSigma OSMS 20-85) to adjust the path difference. A system
of galvanometer-mounted mirrors (Thorlabs GVS001) is used to scan sample in lateral directions.
A high-aperture lens (Olympus UPLSAPO60XW) with numerical aperture of NA = 1.2 focuses
signal beam at the sample. The effective aperture of the OCM signal beam is NAZﬁCM = 0.93, the
beam power in the sample is 0.5 mW. The radiation scattered by the sample is collected back by
the objective, interferes with the reference beam (Fig. 1(b)), and is detected by the spectrometer
(Ocean Optics NIR Quest 512). Lateral resolution is 0.5 um, axial resolution (coherence gate) is
2 um, confocal gate is also 2 pm.

As excitation, the SCAOCE uses the action of optical tweezers, which allows manipulating
the cell membrane or trapping individual organelles. The same laser acts as a trapping beam,
periodic exposure is provided by an optical chopper, and the trap position is adjusted using a
steering lens (blue rays in Fig. 1(d)). The trapping beam is focused at the sample by the same
objective, the effective aperture for the optical tweezers beam is NAeOﬁ; = 1.2. The operating
range of the OT radiation power in the sample is from 5 to 20 mW and the fluence is up to 20
J/m? in the focal point, which prevents optical damage of the sample [46,47].
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Fig. 1. Schematic of the SCAOCE technique. (a) Supercontinuum spectrum generated with
photonic crystal fiber. (b) The spectrum resulting from interference between the reference
and sample beams (normalized). (c) Scattering intensity and phase signal obtained from
the spectrum (b) using fast Fourier transform (FFT). (d) The SCAOCE experimental setup
scheme. OCM is optical coherence microscopy module, OL is objective lens, BS is beam
splitter, SC — supercontinuum, RM is reference mirror, GM is galvanometer-mounted mirror.
OT is optical tweezers module, OC is optical chopper, SL is steering lens. (e) The inset
sketch shows schematic diagram of the SCAOCE experiment.

2.3. Image postprocessing

The recorded signal is further processed using hand-made program code. At each sample scan
point (x,y) at a certain point in time ¢ we obtain the spectrum of the radiation caused by the
interference between signal and reference beams (Fig. 1(b)). The spectrum is subjected to Fourier
transform, and the dependence of the complex quantity A(z) = |A(z)|e*? on the sample depth z
is obtained (Fig. 1(c)). The depth distribution of the sample reflectivity (scattering intensity)
is obtained from the amplitude |A(z)|. The phase ¢(z) is the phase of light reflected from the
sample at depth z (phase scan). Phase ¢(z) allows reconstructing height profile of the sample
using the formula [48]:

ey.20 0

l 4 3t ==  ~ )
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where n(x, y, z, t) is a refractive index and Ay is center wavelength of the signal beam spectrum
(1050 nm). Equation (1) is used both for motion detection and imaging [17,48]. To correct the
coherence gate curvature and compensate for the dispersion of the OCM beam in the optical
elements during scanning, the normalization method [49] was used.

The value of the average standard deviation of the height of the substrate area (without a
sample) obtained from the phase scans is used as the axial resolution. The height standard
deviation is calculated in several areas of the substrate with the size of 2x2 um, after which the
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obtained values are averaged. For raw scans, the average standard deviation is 50+20 nm, after
the procedure of averaging and alignment along the scan lines, the imaging resolution reaches
10+5 nm. The main source of image noise is phase jitter between scan lines caused by mechanical
noise in the setup. Validation of the Eq. (1) was performed on test data (see Supplement 1).

2.4. Elastography

During the experiment, the cell is attached to the substrate, and the waist of the optical trap is
located above the membrane surface (Fig. 1(e)). Periodic membrane movement is created by
turning on and off the OT beam with the frequency of 2-3 Hz, the point of application of the OT
does not change. For each point, 65 spectra are recorded with an exposure of 30 ms, thus the
measurement time for every point is 1.95 seconds corresponding to 4-6 periods of turning on
and off the optical tweezers. In terminology commonly used for OCE, all data was collected in
M-B scan format in which 65 A-scans are repeated in the same location (M-scan) in 25 different
horizontal locations (B-scan) across the imaging plane. The displacement of the cell membrane
at a particular point under the excitation is calculated as the change in the height of the sample
using Eq. (1). Further, the frequency and amplitude of oscillations of the cell membrane are
determined from time dependence of membrane displacement using the Fourier transform. In
addition to the OCM signal, the spectrometer also records the OT beam reflected from the sample.
The fact that the narrow peak of the OT (1050+6 nm) is located inside the wide spectrum of
OCT (1050+150 nm) provides an easy and accurate synchronization of the trap and cell response
signals.

The elastography resolution is determined by the smallest value of the cell membrane
displacement, which the method can distinguish against the background of noise caused by phase
jitter. To estimate the noise, the response is also recorded from the stationary substrate. In
experiments with spherocytes, yeast and cancer cells the SCAOCE resolution was up to the order
of a few nanometers (see Supplement 1 for the details of force estimation and phantom sample
test).

2.5. Numerical simulations

To simulate the response of a spherocyte, the finite element method implemented in the COMSOL
package was used. For simplicity of model calculations, a symmetric hemispherical domain with
aradius r of 3.1 um covered with a 10-nm thick membrane [50] was simulated. The radius of
the domain is equal to the cell radius determined with the experimental SCAOCE scans of the
spherocyte, for which the elastography was performed. The lower part of the hemisphere was
fixed at a substrate; a point force of 10 pN acted on a cell point near the edge. Force estimation
was made using data from previous calibration of forces acted on red blood cells in optical trap
with similar optical power [6]. In addition, the internal volume conservation condition and
the condition of near-incompressibility of the membrane (Poisson’s ratio 0.47) were taken into
account. A mechanical model of hyperelastic material (2-parametric Mooney-Rivlin) was used.
The obtained response was compared to the experimental data.

3. Results and discussion
3.1.  Cellular imaging with the SCAOCE

Single-cell imaging performed by the SCAOCE technique is demonstrated using RBC in two
characteristic shapes of discocyte and spherocyte. Scattering intensity maps in Figs. 2(a, b) allow
evaluating the shape of an object and the scattering of light in it. The cell diameter is 7.7 um for
a discocyte and 8 um for a spherocyte, imaging step equals to 0.3 um. Circular stripes on maps
are associated with beam interference within the cell. The data on the shape of the sample is later
used in numerical simulations.
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Fig. 2. Discocyte (left) and spherocyte (right) scattering intensity map (a, b) and shape
visualization with phase scans (c, d), respectively. Scale bars are 5 um.

In turn, phase scans in Figs. 2(c, d) make it possible to see the features of the cell surface.
The discocyte has an expected biconcave shape with the concavity of 0.8 um deep at the center.
The spherocyte has a hemispherical shape, and the phase scan shows the top surface of the
hemisphere. The central part of the scanned surface of the cell is on 0.9 um higher than at the
edges of scan. The side surface of spherocyte is not shown because it lies in the next lower pixel
of OCM scan along z axis.

The first stage of experiments helped us to check the imaging resolution of the OCM module of
the SCAOCE. It was shown that the method resolution is up to 10 nm and is primarily determined
by the phase jitter that occurs during scanning. We decided to overcome this noise using periodic
excitation and point-by-point registration in elastography. The experimental scans of RBC are
consistent with the scans shown in other works [5,16,17].

3.2.  Cellular and subcellular elastography with the SCAOCE

Microelastography was performed by the SCAOCE technique for single-cell living RBC, yeast
and cancer cells. Most attention is paid to the study of RBC in the form of spherocyte, since its
simple shape and well-known properties make the result easy to interpret. The spherocyte was
placed on a substrate and therefore took the shape of hemisphere.

A two-dimensional map of the spherocyte response to external stimulation was constructed
(Figs. 3(a)). OT were used to lift the central part of the cell membrane in one point (marked
by arrow) with a frequency of 3.3 Hz. The movement of the membrane caused by mechanical
excitation from the OT was recorded sequentially at 25 points of the cell and substrate (in the 2D
plane).

Figure 3(a) shows an optical microscope image of a spherocyte overlaid with a 2D cell response
amplitude map, where the color and size of the dot correspond to the magnitude of the response.
The OCM signals at points marked 1) and 2) are shown in the Fig. 3(b), where the first point
corresponds to the center of the cell with the maximum response value, and the second one is a
fixed point on the substrate. The periods of turning on and off the OT beam are indicated by
orange color and meander. The spherocyte response frequency is 3.3 Hz and coincides with the
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Fig. 3. Spherocyte dynamics study. (a) 2D spherocyte oscillation map, orange arrow depicts
trap position, scale bar is 2 um. (b) Cell oscillation in points 1) (blue) and 2) (green) for
central excitation, the periods of switching on and off the OT beam are indicated by orange
color and meander. (c) Cell oscillation spectrum in points 1) (blue) and 2) (green), dashed
orange line depicts trap activation frequency. (d) Schematic diagram of the experiment
with excitation of the edge of the cell. (e) 1D spherocyte oscillation distribution for edge
excitation. Points depict experimental data; curve is finite element modeling results.

on-off frequency of the OT. The maximum amplitude of the cell response at the center is 110 nm.
The amplitude of the phase jitter at the points of the stationary substrate is on average 6.5 nm.
The magnitude of the cell’s response drops significantly upon the moving away from the point of
excitation. This is probably due to the large distance between the scanning points.

Further, a similar experiment was carried out, but now the point of application of excitation is
located at the edge of the cell, the experiment concept is shown in Fig. 3(d). As in the previous
experiment, the point of application of the optical tweezers remained constant. The SCAOCE
scanning was carried out along the straight line in order to increase the lateral resolution without
increasing the duration of measurements.

The dependence of the amplitude of the cell response on the transverse coordinate was obtained
(Fig. 3(e)). The point of application of the optical tweezers corresponds to the maximum response
amplitude (x = -2 pm). The amplitude of the response is from 5 nm to 200 nm at various points of
the cell. A region of negative amplitude on the right side of the plot corresponds to the movement
of the cell membrane in antiphase with external excitation, that is, when the OT were turned on,
this part of the cell bend down. This indicates that the spherocyte reacts to the excitation like
a ball or a drop, the proposed type of cell deformation is shown in Fig. 3(d). Experimentally
measured mechanical response of the spherocyte membrane is in excellent agreement with results
of numerical calculation. The values of the Mooney-Rivlin elasticity coefficients obtained as
fitting parameters in the numerical simulation are of the order of C; = 10° N/m?, C; = 10* N/m?,
which is in order consistent with experimental data obtained using other methods [50].
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The next SCAOCE research subject were baker’s yeast cells as model organisms with a complex
internal structure and optically contrasting nucleus. Figure 4(a) shows an optical microscope
image of a yeast cell overlaid with a scattering intensity OCM scan. An OCM image of the cell
was obtained to determine the position of the cell nucleus by the maximum scattering amplitude.
Then the detected nucleus was periodically lifted using optical tweezers, the arrow indicates
the location and direction of impact. Figure 4(b) shows the displacement of the cell nucleus
position under the influence of periodic optical trapping. The periods of turning on and off the
OT beam are indicated by color and meander. The amplitude and frequency of nucleus motion
are obtained, the amplitude is 85 nm, the response frequency is 2.6 Hz and coincides with the
frequency of turning on and off the OT beam (Fig. 4(c)). Due to the connection of the organelle
with the cell and because of its small size, the whole cell oscillation was also observed during the
nucleus excitation. When the cell was excited at points where strong scattering was not observed,
the response was relatively weak or completely absent, probably because of the lack of optical
trapping forces due to low refractive index contrast between object and medium [51].
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Fig. 4. Yeast cell and cancer cell dynamics. (a) Scattering intensity map is placed on top of
the microscope image of the yeast cell revealing the nucleus location. (b) Yeast cell organelle
oscillation and (c) oscillation amplitude. (d) Microscope image of the cancer cell, dotted line
indicates cancer cell boundaries, microsphere diameter is 5 um. (e) Cancer cell oscillation
and (f) oscillation amplitude. Blue curves depict cell oscillations, the periods of turning on
and off the OT beam are indicated by orange color and meander. Orange arrow depicts trap
position and trapping force direction. Scale bars: 5 um (a) and 10 um (d).

For clinical applications of elastography, comparative experiments on pathological cells are of
great interest. We applied the SCAOCE method to study the mechanical properties of mouse
breast cancer cells.

In contrast to previous experiments, we found to be unable to capture the cell membrane or its
organelles with an optical trap. Possible causes are the high stiffness of the structures of this cell
and low contrast of the refractive index between the membrane, the medium, and the cytoplasm.
In this case a different approach based on the use of microprobe at the cell surface [6,44] with the
SCAOCE can be applied, similar to position tracking of optically trapped particles using optical
diffraction tomography [52].
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Borosilicate microspheres were added to the sample with the cell culture, and then were
trapped and attached to the cell membrane (Fig. 4(d)). The waist of the optical trap was located
below the center of the microsphere, thus, when the OT were turned on, the microsphere was
pressed into the cell; when the trap was turned off, the cell restored its shape. At the same time,
using a phase-sensitive OCM, the position of the particle was determined when the optical trap
was turned on and off (Fig. 4(e)). The response amplitude is 17 nm, the response frequency is 2.3
Hz and coincides with the frequency of the optical trap switching (Fig. 4(f)). The significantly
lower value of the response of the mouse breast cancer cell in comparison with the response of
red blood cells and yeast cells also corresponds to the higher stiffness of cancer cells.

The SCAOCE method allows studying the mechanical properties of single cells in a noninvasive
and completely optical way. The optical tweezers are used to create external excitation on the cell
membrane pointwise and without a probe. Phase-sensitive optical coherence microscopy uses
coherence and confocal gates simultaneously, which makes it possible to build images of cells
with submicron accuracy and record nanometer membrane displacements from a specific point
of the sample volume. The developed method allows studying the biomechanical properties of
living single cells and individual cells within a culture, the performed numerical modeling shows
good agreement with the literature data.

The measurements demonstrate that the method allows label-free manipulating the position of
the organelle inside the cell without destroying the cell itself, and at the same time registering
organelle position with nanometer accuracy. The experiment carried out indicates the prospects
of using the SCAOCE method for subcellular noninvasive microelastography.

Despite all the listed advantages, the method also has some limitations. For example, in the case
of more rigid cells, we have to use more powerful CW-laser sources or to abandon the concept
of all-optical study and use attached microbeads to excite mechanical waves. The experiment
demonstrates that the SCAOCE method in combination with the use of microparticles can also be
applied to study the mechanical properties of membranes of relatively rigid cells, cells with a low
contrast of refractive indices, and other cells in which, for some reason, it is impossible to carry
out direct optical trapping of membranes. At the same time, the advantages of the SCAOCE
method associated with its all-optical nature disappear, but the advantages associated with high
sensitivity and the ability to visualize cell and map its response remain. Phase-sensitive OCM
allows tracking the trajectory of the particle and cell membrane with nanometer precision, which
cannot be done using optical tweezers alone.

4. Conclusions

A novel single-cell all-optical coherence elastography method (SCAOCE) that combines optical
tweezers to produce mechanical excitation on the cell membrane or organelle and phase-sensitive
OCM to visualize cell and map its response is demonstrated. Three types of samples are studied:
living single cells with a simple internal structure (RBC), cells with a complex internal structure
(yeast cells), as well as single cells within a culture (cancer cells). The elasticity coefficients
of spherocyte membrane determined using the SCAOCE are in good agreement with the data
reported in the literature using other methods.

The ability to determine the mechanical properties of single cells can be used in single-cell
diagnostics — in the case of the presence of only a small number of cells of interest or the need for
their minimal use. The use of a common laser source and objective lens for creating mechanical
excitation and for visualization and mapping of the response can be an advantage of the method
when it is used in vivo. For example, in the study of single cells in a living organism, to implement
the method, it will be sufficient to use a single objective lens, brought up to the studied area.
In endoscopic study, the method can be implemented using an optical fiber. At the same time,
the completely optical nature of the method and the use of infrared radiation makes it possible
to study noninvasively the mechanical properties of sufficiently deeply located cells and their



Research Article Vol. 13, No. 1/1 Jan 2022/ Biomedical Optics Express 23 |

Biomedical Optics EXPRESS A

organelles. This indicates that the developed SCAOCE method has great potential for in vivo
single-cell biomedical diagnostics.
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