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influences of radiation therapy on
deformability of human red blood cells by dual-
beam optical tweezers†

Medine Tuna Inanc,‡a Irem Demirkan,‡a Cemile Ceylan,bc Alper Ozkan,b

Ozcan Gundogdu,d Utku Goreke,e Umut A. Gurkanef and Mehmet Burcin Unlu *a

Radiation therapy is widely used as a treatment tool for malignancies. However, radiation-related

complications are still unavoidable risks for off-target cells. Little is known about radiation therapy's

possible effects on mechanical features of the off-target cells such as human red blood cells (RBCs).

RBCs are nucleus-free circulating cells that can deform without losing functionality in healthy conditions.

Thus, to evaluate in vitro effects of radiation therapy on the healthy plasma membrane of cells, RBCs

were selected as a primary test model. RBCs were exposed to clinically prescribed radiotherapy doses of

2 Gy, 12 Gy and, 25 Gy, and each radiotherapy dose group was compared to a non-irradiated group.

Cells were characterized by stretching using dual-beam optical tweezers and compared using the

resulting deformability index. The group receiving the highest radiation dose was found statistically

distinguishable from the control group (DI0Gy ¼ 0.33 � 0.08), and revealed the highest deformability

index (DI25Gy ¼ 0.38 � 0.11, p ¼ 0.0068), while no significant differences were found for 2 Gy (DI2Gy ¼
0.33 � 0.08, p ¼ 0.9) and 12 Gy (DI12Gy ¼ 0.31 � 0.09, p ¼ 0.2) dose groups. Based on these findings,

we conclude that radiotherapy exposure may alter the deformability of red blood cells depending on the

dose amount, and measurement of deformability index by dual-beam optical tweezers can serve as

a sensitive biomarker to probe responses of cells to the radiotherapy.
Introduction

Radiation therapy is widely used as part of treatment for
malignancies since it is capable of killing cancer cells and
shrinking tumors using ionizing radiation.1,2 However, treat-
ment with ionizing radiation typically faces issues not only
because of the action on the target tumor but also because of
the adverse inuences of radiation exposure on non-target cells
or tissues.2–5 In recent years, there has been an increasing
amount of research on the use of ionizing radiation due to the
high targeting capacity and therapeutic effect. Though radiation
therapy brings many advantages, radiation-related complica-
tions are still unavoidable risks for off-target cells. Accordingly,
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decreasing its adverse consequences on off-target cells is a crit-
ical problem and remains a signicant research area for radi-
ation biology.2–5 Radiotherapy can promote biological damage
at the molecular level and cellular DNA chains as single- or
double-strand breaks.6 On the one hand, DNA in the nucleus
was marked as the initial and fundamental target of radiation
exposures: directly by deposition of energy or indirectly by
producing reactive oxygen/nitrogen species. Thus, the primary
adverse effects are attributed to DNA deterioration in target cells
that have not been appropriately brought back through meta-
bolic repairment.6,7 On the other hand, radiotherapy also acts
directly on the membrane, conrming that plasma membrane
shows an alternate path to DNA in radiation-modulated cell
reactions.8 Previous studies have documented the direct inu-
ences of cellular death caused by human tissue irradiation,
particularly chromosome rearrangement and genetic mutation
resulting from the radiation-induced deposition of energy.9–12

Also, the effects of irradiation of RBCs on free hemoglobin level,
sodium ions (Na+), potassium ions (K+), and chloride ions (Cl�)
concentrations, a reduction in the production, and alterations
in the aggregation state of platelets have been studied.13–22

These investigations mostly reveal an association between the
irradiation dose and the loss of the red blood cell function.

However, little is known about the possible effects on
mechanical features of red blood cells exposed to radiation.
RSC Adv., 2021, 11, 15519–15527 | 15519
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Table 2 Comparisons of the control group and experimental groups
in accordance with the one-way ANOVA and Dunnett's multiple
comparisons test. A p < 0.05 value was considered statistically
different. ns shows no significant difference among groups

Dose groups (Gy)

p-Value

L0 Lmax DI

0–2 0.004 0.09 (ns) 0.9 (ns)
0–12 0.0004 0.5 (ns) 0.2 (ns)
0–25 0.04 <0.0001 0.007
2–12 0.9 (ns) 0.8 (ns) 0.5 (ns)
2–25 0.8 (ns) 0.0040 0.0005
12–25 0.4 (ns) <0.0001 2 � 10�6
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Measurement of mechanical properties such as elasticity,
deformability, and stiffness in biological specimens is exten-
sively regarded to reect biological functions' variations. It can
demonstrate the mechanical principles of organism units in
numerous physiological or pathological states.23,24 Both
morphology and cytoskeleton meshwork regulate red blood cell
deformability and impairment. Abnormalities in the biconcave
disc shape, the membrane, and the cytoskeleton indicate some
red blood cell-related diseases.25 They give rise to characteristic
illnesses such as diabetes mellitus,26 sickle cell anemia,27–29

malaria,30 and cancer.31 It is also well-known that radiotherapy
leads to many complex and dynamic variations in cell outline
along with cell membrane damage. For example, changes in the
membrane permeability and the membrane-cytoskeleton
structure may induce differences in the membrane, contain-
ing metabolic and behavioral changes, giving rise to cellular
dysfunction.32–34 Therefore, studying cell mechanics at the
whole-cell level contributes to the further understanding
radiation-related damage.

Several methods have been used to assess cells' elasticity and
deformability, including AFM, micro-needle manipulation, cell
poking, magnetic tweezers, and microuidic chips.28,35–40 However,
they encounter fundamental obstacles to generalized applications.
The tools have a high stiffness relative to the modulus of elasticity
of the sample, and they are not capable of resolving minor
differences in cell elasticity. Some of these methods can only reach
a limited fragment of the cell due to the contact area. Accordingly,
whole-cell elasticity cannot be directly measured.

Optical laser traps enable holding, manipulation, and char-
acterization of various microscopic and nanoscopic mate-
rials.41–44 Optical forces exerted through light due to the transfer
of optical momentum have been applied to investigate the
elasticity of RBCs using two optical techniques: optical tweezers
method and optical stretcher method.45–49 The dual-beam
optical tweezers in stretching mode produces forces that
bridge those produced through conventional optical tweezers.
Up until now, the ability of dual-beam optical tweezers in
stretching mode to produce a measurable deformation of the
RBCs exposed to radiotherapy has never been tested. For this
reason, we probed whether denitive or subtle changes in the
deformability of the RBCs in response to radiotherapy can serve
as a sensitive biomarker by dual-beam optical tweezers
measurements. For this reason, human red blood cells were
irradiated with radiation doses at several levels, and the effects
of radiation therapy were investigated through optical tweezers
by the deformability index analysis and a hemogram test for
each irradiation dose in the study.
Table 1 The number of the measured RBCs, mean of L0, Lmax and DI
and the corresponding standard deviations are given for each data set

Dose (Gy) # of RBCs Mean L0 (mm) Mean Lmax (mm) Mean DI

0 97 7.87 � 0.44 10.51 � 0.66 0.33 � 0.08
2 109 8.11 � 0.44 10.74 � 0.44 0.33 � 0.08
12 112 8.14 � 0.43 10.65 � 0.43 0.31 � 0.09
25 118 8.05 � 0.52 11.06 � 0.76 0.38 � 0.11

15520 | RSC Adv., 2021, 11, 15519–15527
Results
Radiotherapy effects on deformability index

The summary of the data can be viewed in Table 1. The results
of this study evidenced signicant differences in the nal
(stretched) cell size and deformability index of RBCs between
the control and those with the highest level of radiation group.
In terms of the initial (unstretched) cell size, all the dose groups
signicantly differed from the control group, whereas, in terms
Fig. 1 (A) Change in themean DI of the control group for the laser trap
powers operating at 24 mW, 36 mW, 48mW, and 60mW. The linear fit
equation is Y ¼ 0.0027X + 0.0475 with the R-squared value of 0.904.
The error bars indicate standard errors, (B) the scatter plot of
deformability index vs. inverse unstretched RBC size with the corre-
sponding linear fit lines for the four groups; Y0Gy ¼ 4.8X0Gy � 0.2, Y2Gy
¼ 5.8X2Gy� 0.4, Y12Gy¼ 5.8X12Gy� 0.4, and Y25Gy¼ 8.5X25Gy� 0.7 with
the corresponding R-squared values 0.164, 0.243, 0.156, 0.365
respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Kernel density estimations for pairs of initial and final RBC lengths in the control group, 2 Gy, 12 Gy and, 25 Gy groups.
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of the nal cell size (Lmax), only the 25 Gy group exhibited
a signicant difference compared to all other groups (Table 2).
The characterization of the dependence of DI on the laser power
for the untreated cells revealed a linear relationship, as dis-
played in Fig. 1A.50 Since achieving the maximum stretching of
the RBCs (without rupturing) was preferred, all the experiments
were conducted with the laser traps operating at 60 mW total
power at the trapping plane. The relation between the inverse
unstretched size (1/L0) of RBCs and DI was analyzed by using
linear regression. A linear relationship between the inverse
unstretched cell size (1/L0) and DI was seen for all the groups
(Fig. 1B). Especially the stretching amount (Lmax � L0), which
corresponds to the slope, was viewed to be elevated only for the
25 Gy dose group. This nding indicated that only the RBCs
irradiated with 25 Gy dose were detected as more deformable
than RBCs in the control group. Kernel density estimate plots,
shown in Fig. 2, displayed normally distributed initial and nal
cell sizes for the four groups. The calculated deformability
indexes for each data set were demonstrated in a box plot and
the Kernel distribution plot, as shown in Fig. 3. Overall, the result
of one-way ANOVA and Dunnett's multiple comparisons tests
showed that relative to the control group, the mean DI of 25 Gy
group was found to be increased, while no signicant difference
was detected for 2 Gy and 12 Gy dose groups. Among all the data
sets, the highest variance in DI was observed in the 25 Gy group
with the corresponding kernel bandwidth of 0.0518.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Radiotherapy effects on whole-blood count

Table 3 tabulates the hematological parameters in the non-
irradiation (control) and the treated groups by 2 Gy, 12 Gy,
and 25 Gy, respectively. It has been reported that in a complete
blood count (CBC), the coefficient of variation between 3 to 20%
(ref. 51) is expected. Therefore, CBC did not show radiation-
related changes. Also, the blood components are not
produced in the RBCs. Hence the variations in these compo-
nents are not radiation-related but random.
Discussion

The deformability index analysis of human red blood cells,
irradiated at 2 Gy, 12 Gy, and 25 Gy radiation doses, was indi-
cated the signicant distinction of small changes only in the
deformability of RBCs irradiated by 25 Gy dose compared to the
control group (p ¼ 0.007). The possible reasons for the
deformability change of RBCs due to the ionizing radiation are
described next.

Radiobiology has been studying the biological responses of
cells or tissues to ionizing radiation. It is well-known that
ionizing radiation provokes damage directly by deposition of
energy or indirectly by producing reactive oxygen/nitrogen
species in DNA double helix in the nucleus. However, the
origin of molecular and mechanical events triggered at the
plasma membrane caused by radiation is unclear. In this study,
RSC Adv., 2021, 11, 15519–15527 | 15521
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Fig. 3 (A) The box plot shows the summary of the four data sets. The
blue dot and the black line in the boxes show themean and themedian
values of the corresponding data sets, respectively. Red dots represent
the data points. (B) Kernel density estimations (kernel ¼ normal) for DI
are demonstrated for each group. Kernel bandwidths were found as:
0.0362, 0.0278, 0.0379, 0.0518 for the groups 0 Gy, 2 Gy, 12 Gy, 25 Gy,
respectively.
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RBCs were used as primary test objects since they are nucleus-
free and have smooth membrane surfaces maintaining their
integrity. In contrast, all white blood cells and platelets have
Table 3 Whole blood count comparisons between the non-irradiated gr
cell, RBC: red blood cell, HCT: hematocrit, MCH: mean corpuscular hemo
concentration, MCV: mean cell volume, PLT: platelet, RDW-CV: Red Bloo
to the reference value

Parameters (unit) Reference Contro

WBC (�103 mL�1) 4.0–10.0 4.98
Neutrophil (�103 mL�1) 2.00–7.00 1.89 (L
Lymphocyte (�103 mL�1) 0.80–4.00 2.61
Monocyte (�103 mL�1) 0.12–1.20 0.32
Eosinophil (�103 mL�1) 0.02–0.50 0.14
Basophil (�103 mL�1) 0.00–0.10 0.02
RBC (�106 mL�1) 3.50–5.50 4.50
HGB (g dL�1) 11.0–16.0 13.7
HCT (%) 37.0–54.0 43.8
MCV (fL) 80.0–100.0 97.2
MCH (pg) 27.0–34.0 29.6
MCHC (g dL�1) 32.0–36.0 32.9
RDW-CV (%) 11.0–16.0 12.7
RDW-SD (fL) 35.0–56.0 51.7
PLT (�103 mL�1) 100–300 259

15522 | RSC Adv., 2021, 11, 15519–15527
nucleic acids that regulate cellular activities. Nucleic acids are
reported to get adversely affected by radiation.52 Therefore, the
presence of nucleic acids potentially has effects on cell
deformability. However, we wanted to evaluate the effect of
irradiation only on the cell membrane, and therefore, we
focused our investigation on the red blood cells only. Since
RBCs are nucleus-free and off-target cells circulating
throughout the body, they are very suitable for studying the
mechanical effects of radiation exposure on the membrane
structure. Taken together, this study focused on any potential
radiation-related effects on the deformability of the red blood
cell cortex to distinguish these from adverse effects arising from
DNA damage. Healthy red blood cells have good mechanical
characteristics that build upon the biconcave disc shape, the
cytoplasm viscosity, cytoskeleton and the stiffness of the
phospholipid bilayer membrane. Current literature suggests
that variation of any of these contributors may induce differ-
ences in the membrane morphology, cytoskeletal network, and
mechanical features of RBCs and thus create morphologically
distinct signals.53,54 As previously mentioned, these are
responsible for both the deformability of red blood cells and
variations in biological function. More specically, notable
variations in red blood cells arise from a coupled dynamic
response of the membrane and spectrin meshwork. Spectrin,
a fundamental component of cytoskeleton proteins, has not
only a crucial role in preserving the cell outline and cytoskeleton
network, but also controls deformability or responses to exterior
perturbations.55 Our investigation suggests that radiation
exposure of red blood cells by 25 Gy generated the highest
deformability among the irradiated groups. Based on statistical
analysis for deformability index, the red blood cell population
for 25 Gy was signicantly distinguishable with 95% condence
from the non-irradiated population. One of the reasons
underlying this nding may be explained by the rearrangement
of lipids, fatty acids, and spectrin-a1 protein and the collapse of
the membrane skeleton due to the radiation effects on the
oup and irradiated groups at 2 Gy, 12 Gy, and 25 Gy. WBC: white blood
globin RDW: red cell distribution width, MCHC: mean cell hemoglobin
d Cell Distribution Width. L in the parentheses means low with respect

l 2 Gy 12 Gy 25 Gy

4.93 6.64 6.78
) 1.98 (L) 3.68 3.71

2.50 2.36 2.42
0.31 0.48 0.49
0.13 0.10 0.12
0.01 0.02 0.04
5.06 4.53 4.50
14.8 13.9 13.7
45.7 44.0 43.8
90.3 97.1 97.2
29.2 30.6 30.5
32.3 31.5 (L) 31.4 (L)
11.8 12.8 12.7
44.3 52.0 51.7
252 276 282

© 2021 The Author(s). Published by the Royal Society of Chemistry
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plasma membrane.56 A link between cell stiffness and radio-
therapy treatment was formerly documented. Therefore this
difference was as anticipated.57,58 Besides, a study59 drew
attention to the alterations observed in the intensities of actin
and spectrin molecules. Those have essential roles in cell
mechanics,60–62 as the determinant factor of cells' mechanical
behavior in response to the radiation.

Moreover, the hemogram results showed that the number of
RBCs, WBCs, and platelets did not decrease considerably and
stayed in the reference range aer being irradiated by 25 Gy and
the remaining dose groups. These ndings evidenced no
radiation-related damage to the red blood cell's integrity during
our experiments. As for WBCs in hemogram, the dose was not
an inuencing factor in the count aer radiotherapy exposure.
However, in the study of Sanzari et al.,63 radiotherapy applica-
tion signicantly decreased the number of white blood cells.
Also, Taqi et al. reported no signicant variations in the whole-
blood count, and hence white blood cell counts.63 Any differ-
ences between the current investigations and the literature
reports could be attributed to the differences in the deposited
amount of the irradiation doses in the cells. Furthermore,
hemoglobin concentration level was decreased in 25 Gy dose
exposure compared to the non-irradiated group. This could be
because the plasma membrane consists of unsaturated lipid
and hemoglobin (free radical reaction sources). This may cause
peroxidation of lipid, which can inuence the uidity and state
of hemoglobin. Contrary to published studies,57,58 this study did
not nd a signicant difference between 0 Gy and 2 Gy in terms
of deformability of red blood cells. Overall, red blood cells
responded to radiotherapy treatment differently because of the
absorbed dose and cell features. While the denite mechanisms
that alter the deformability index of RBCs due to ionizing
radiation remain unclear, the results served in this study open
a new window into the eld of radiobiology. For further studies,
together with deformability index analysis, Western blot anal-
ysis could be used to assess radiation-related cellular protein
damage.

Furthermore, it is well known that irradiation inhibits
lymphocyte proliferation and prevents transfusion-related gra-
versus-host disease (TAGVHD).64 Although other leukocyte
depletion techniques are oen preferred,65 irradiation is still
needed for transfusion of high risk-patient groups.66 The rec-
ommended irradiation dose of blood products is 25 Gy, and the
recommended dose range is 15–50 Gy.64 While our results
indicated that 25 Gy causes impairment of red blood cell
deformability signicantly, we emphasize that the replication of
our ndings needs further dedicated efforts. Therefore, the
development of reliable lymphocyte depletion techniques that
can be used instead of ionizing radiation is needed.

In terms of the homogeneity of the RBC data set, we also
considered possible reticulocyte contributions. Immature red
blood cells are called reticulocytes until they reach maturity.
Unlike RBCs, they lack biconcave morphology, which affects
their deformability adversely.67 Reticulocytes have a large
nominal size and wider size distribution compared to mature
RBCs67,68 They also contain remnant nucleic acids that stay
functional and actively govern protein synthesis.69 Therefore, we
© 2021 The Author(s). Published by the Royal Society of Chemistry
expected ionizing radiation to induce chromosomal damage on
the nucleic acids of reticulocytes in our samples. Radiation may
result in micronuclei formation in reticulocytes, and in fact,
reticulocyte micronucleus assays are widely used for assessing
chromosomal damage.70,71 Micronucleus may act as a focal
point of altered stiffness; therefore, it may have a physical effect
in cell deformability. Additionally, altered protein synthesis
may result in unpredictable alterations in cell deformability.
Thus, aberrant deformability characteristics of reticulocytes
with or without ionizing radiation damage can be considered
a confounding factor in our deformability measurement
method. However, we anticipated that only 0.5–2% of the RBC
samples analyzed in this study would be reticulocytes72 since
our controls do not have a disorder with effects on erythropoi-
esis. Furthermore, we had visually conrmed the biconcave
morphology of the RBCs when we captured and rotated them
during the optical stretching. Therefore, we considered only
a negligible number of RBCs in our samples to be reticulocytes.

When the potential laser-induced heat damage risk on the
RBCs during the trapping was regarded, we may say that this
risk was minimized. Because the total laser power that the RBC
was exposed to was low, and the experiment was conducted only
once on an individual RBC. In this way, heat-related laser
damage on RBCs was reduced.73 Secondly, laser absorption of
cytoplasm, surrounding medium, and intracellular hemoglobin
may cause an increase in the RBC temperature. Potentially this
may affect the deformability of the RBC. However, 1064 nm
Nd:YAG laser was utilized in this study, and at this wavelength,
light absorption by water, intracellular proteins, and hemo-
globin is shown to be minimal.47,74 Thirdly, since all the exper-
iments were performed with the laser traps operating at 60 mW
in 20 seconds, heat damage risk was further reduced. The
analytical model shows that when using 100 mW laser tweezers
at the wavelength of 1064 nm, the RBC temperature increases
<13 K starting from 293 K and reaches to steady-state around 1
second.74 Therefore, we anticipate a temperature rise of <10 K
from room temperature in our analysis. Lastly, temperature
gradient rather than maximum temperature increase is another
concern around laser absorption and heating in laser tweezers
applications. Large temperature gradients may induce optopo-
ration of the cell membrane,75 which would be undesired for the
RBC deformability analysis. Experimental investigations
showed that permeabilization damage of optically trapped
RBCs due to temperature gradient was observed at trapping
powers $280 mW at similar time scales, which is considerably
higher than 60 mW used in our experiments. It is evident that
laser tweezers may affect cellular processes through heat
transfer. Nonetheless, we postulate that these effects are avoi-
ded in our deformability analysis by using the near-infrared
laser wavelength at the safe power intensity and duration
regime.

In conclusion, up until now, no study has measured the
deformability of RBCs as a determinant factor to assess cell
reactions to radiotherapy. We showed a feasibility study of
radiation therapy effects on the mechanical properties of red
blood cells in terms of deformability index using dual-beam
optical tweezers in stretching mode. Dual-beam optical
RSC Adv., 2021, 11, 15519–15527 | 15523
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tweezers make it possible to perform cell stretching experi-
ments directly without using microbeads. A signicant benet
of the direct trapping technique over the method using
microbead handles is that there is no requirement to attach and
position the microbeads to the cortex of the RBCs for stretching
measurements. With this, we were able to measure the whole-
cell deformability of a large number of red blood cells in
a life-span of cultured live-cells by eliminating the time taken to
attach and locate the microbeads.

However, the main disadvantage of direct trapping and
stretching without using the microbead handles is that the
force calculation is complicated. In the case of stretching with
the microbead handles, the force calibration is done on the
microbeads. Hence the applied force on a cell due to the
stretching can be calculated. However, in our case, the absence
of the microbeads made the force calculation complicated.
Since the stretching starts while the traps are in the cell, it
stretches as the trap separation increases. It is unclear how and
when the cell congures itself when the trap is moved in this
situation. So that, for this study, we were unable to calculate the
force on the cells.

Dual-beam optical tweezers also allowed us to probe deni-
tive and subtle variations in the deformability of the red blood
cells aer radiotherapy treatment. Therefore, the ndings of the
present study provided the following insights for future
research: deformability, as measured by dual-beam optical
tweezers, may be used as a biomarker to follow changes in
response to radiotherapy treatment in a cell's mechanics, that is
shown up in the plasma membrane and cytoskeleton network
in radiobiology investigations. Thus, this method may offer
further knowledge in cellular function aer radiotherapy with
a more unifying view, containing mechanical properties from
the membrane. Deformability measurements by the dual-beam
optical tweezers may put a new emphasis on radiotherapy-
induced effects in the future.
Methods
Collection and the transport of the blood samples

Two healthy women volunteered for this study with the ethical
permission (2020/06) of Boǧaziçi University Science and Engi-
neering Fields Human Research Ethics Committee (FMI-
NAREK). The whole-blood from the participants was drawn by
venipuncture and collected in 6 mL vacutainer Ethylene
Diamine Tetra Acetic Acid (EDTA) tubes. Then, aer separating
the control group tubes, the remaining samples were sent to the
radiology department for the irradiation procedure. The irra-
diation was performed within 2 h aer the blood collection.
Aerward, the irradiated blood samples were delivered to the
laboratory within a transport bag kept at 4 �C. All the
measurements were completed within two days aer blood
collection.
Sample preparation

Whole blood of 0.1 mL was mixed with a solution consisting of
1 mL PBS (phosphate-buffered saline) and 100 mL BSA (bovine
15524 | RSC Adv., 2021, 11, 15519–15527
serum albumin) in an eppendorf tube. 70 mL of the sample was
placed onto the microscope slide, and BSA-dried cover glass was
placed on top. The edges of the cover glass were sealed using
nail polish. The BSA-dried cover glass was prepared by placing
15 mL BSA on a cover glass and kept in an incubator at 24.5 �C
for 2 hours.76 This process was done to prevent RBCs from
adhering to the cover glass and make them oating in the
solution. All the experiments were performed at room
temperature.

Irradiation protocol

The blood samples stored in EDTA tubes were irradiated by
a total and a single-dose application of 2 Gy, 12 Gy, and 25 Gy in
a single fraction by LINAC (Elekta Versa HD, Elekta, Crawley,
UK) in Istanbul Oncology Hospital. This study used 6 MV at
with a dose rate of 600 cGy min�1 used in dmax and unattened
photon beams with 1200 cGy min�1 dose rate. The EDTA tubes
were submerged in a custom-made rice phantom to distribute
radiation homogeneously and mimic the body. The phantom
was scanned through Computer Tomography (CT) with a slice
thickness of 2 mm before treatment. The EDTA tubes with
blood samples were dened as a Gross Tumor Volume (GTV).
Monaco Treatment Planning System took over the dose distri-
butions of the current study. The EDTA tubes lled with blood
samples were considered as a GTV. Through recommended
doses using elds of radiation Anterior–Posterior/Posterior–
Anterior (AP/PA), the volume of the gross tumor volume
complied with 95/100 (95%). Using collapsed cone algorithm
Treatment Planning System (Monaco 5.11.02v, TPS), the motor
unit was calculated. The monitor unit number was determined
using 10 cm � 10 cm elds through the collapsed cone calcu-
lation technique to consider inhomogeneity to deliver the
radiation doses of 2 Gy, 12 Gy, and 25 Gy to the red blood cell
solutions kept in the tubes. LINAC output was corrected to
conrm differences in doses at dmax smaller than 2% differ-
ences following TRS 398 (ref. 77) prior to the irradiation. Irra-
diation doses were veried for each experiment by 0.6 cc farmer-
type ionization chamber. The rice phantom position was
checked to conrm the tubes and the tomography plan were
observed in the same region. For each irradiation, the position
accuracy of the tubes inside the rice phantom was controlled by
comparing DRR and kV images.78

Experiment and analysis

A commercial dual-beam tweezers (Zeiss PALMMicro Tweezers)
with 1064 nm wavelength Nd:YAG laser, 3 W output power, and
100� oil immersion (NA ¼ 1.518) objective was used to perform
the stretching experiments, see Fig. 4A. According to the power
measurement with a power meter on the trapping plane, we
found that the power of the traps operating at 100% corre-
sponds to 60 mW. Since the total laser power of the optical traps
could be tunable in terms of percentage power on the user
interface, the stretching experiments were performed with
different trap powers (operating at 40%, 60%, 80%, and 100%)
on the control group (0 Gy) to characterize the dependence of DI
on the trapping laser power (Fig. 1A). Then, all the experiments
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) The dual-beam optical tweezers set-up used to quantify deformability of RBCs after radiotherapy treatment, (B) a cartoon of initial
positioning of the laser traps on an RBC in stretching mode.
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were conducted with the laser power operating at 100% (30 mW
in each trap at the trap location). The stretching experiment was
constructed by setting the determined parameters (velocity,
movement direction and the power of the traps, and the
experiment duration) on the user interface of the tweezers. With
this setting, the experiment was automatically performed by the
tweezers. Before starting the experiment, rst, while the traps
were off, they were positioned on the two ends of the RBC with
the trap separation of 5 mm. When the traps were activated, the
experiment was started. During the stretching, one of the traps
wasmoving with the velocity of 0.5 mm s�1 for 20 s automatically
by the tweezers, while the other was kept xed in position. With
the movement of the trap, the RBC rst started stretching, and
then aer reaching the maximum stretched length, it escaped
from the moving trap and began to relax (Fig. 5). For each dose,
the experiment was performed on the day of radiation treat-
ment and the one day aer to check if there is a time-dependent
radiation effect on the deformability of the RBCs. The experi-
ment was performed once on an individual RBC.

Deformability index analysis in this study relies on computer
vision techniques. Therefore the spatial resolution of our
method is limited by the size of a single-pixel which
Fig. 5 Top view of stretching of an RBC by the two optical traps; (A)
the traps were positioned on the two ends of the RBC with the trap
separation of 5 mm, (B) the RBC was reached to its maximum length
just before escaping from the moving trap, (C) the relaxed RBC after
escaping from the moving trap. A video of the experiment was
provided as ESI (Video S1†).

© 2021 The Author(s). Published by the Royal Society of Chemistry
corresponds to 70 nm. It should also be noted here that the
frame rate of the recordings is 10 fps, and we moved the optical
traps at the speed of 0.5 mm s�1. As a result, it can be concluded
that the resolution is not limited by the recording rate. When
the one-pixel size is considered as the minimum difference
between the initial and nal length of an RBC, the spatial
resolution of 70 nm corresponds to the minimum detectable DI
of 0.009 for an RBC of the average size in our experiments. In
the analysis, a MATLAB code was used to calculate the axial
diameter of the cell during the stretching. The algorithm of the
code for the analysis of one cell can be summarized in four
steps: (1) all the frames of the cell recorded in 20 s are converted
into grayscale, (2) using an automatic grayscale threshold, the
grayscale images were turned into binary images, (3) maximum
Feret diameter (MFD) function was used to nd the edge and
the axial length of the cell in each frame, (4) maximum (Lmax)
and the minimum (L0) values of the MFD were extracted, and DI
was calculated using the following equation:49

DI ¼ Lmax � L0

L0

(1)

where, L0 is the unstretched (initial) size, Lmax is the maximum
(nal) stretched size of the RBC. For all doses, no signicant
differences were found in DI according to the two measurement
days (radiation treatment day and the day aer). In addition to
this, no signicant difference was observed between the DI of
the two persons. Therefore the all the data sets were grouped in
the analysis in terms of the radiation dose only. By considering
DI as the dependent variable and L0 as the independent vari-
able, univariate linear regression analysis was achieved
(Fig. 1B). Statistical differences were calculated using one-way
ANOVA and Dunnett's multiple comparisons test.
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