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ABSTRACT

Radiation induces various changes in biological specimens; however, the evaluation of these changes is usually
complicated and can be achieved only through investment in time and labor. Optical methods reduce the cost of such
evaluations as they require less pretreatment of the sample, are adaptable to high-throughput screening and are easy to
automate. Optical methods are also advantageous, owing to their real-time and onsite evaluation capabilities. Here, we
discuss three optical technologies to evaluate the effects of radiation on biological samples: single-molecule tracking
microscopy to evaluate the changes in the physical properties of DNA, Raman spectral microscopy for dosimetry
using human hair and second-harmonic generation microscopy to evaluate the effect of radiation on the differentiation
of stem cells. These technologies can also be combined for more detailed information and are applicable to other
biological samples. Although optical methods are not commonly used to evaluate the effects of radiation, advances in
this technology may facilitate the easy and rapid assessment of radiation effects on biological samples.
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INTRODUCTION
Assessment of the effects of radiation, both ionizing and non-ionizing,
on biological specimens, such as cells or tissues, is of primary interest
in the field of radiation biology. Exposure to radiation can occur under
various circumstances. Environmental radiation can be caused by long-
lived radioactive atoms in the soil, air or building materials or by high-
energy particles from space [1-3]. Exposure to cosmic rays can occur
during long flights [4]. Medical radiation exposure occurs during diag-
nostic procedures, such as X-ray imaging, computed tomography scans
or mammography, or during therapeutic procedures for the treatment
of cancer [5-7]. A nuclear plant disaster can affect many people. In the
Chernobyl disaster that occurred on 26 April 1986, ~350 000 people
were exposed to radiation in the thyroid gland [8]. The tragic accidents
at Chernobyl and Fukushima have resulted in the radioactive pollution
of soil and water in a wide area [9], affecting the living organisms.
In an event of nuclear disaster, both external and internal radiation
exposure with various types of radiation having different dose rates
may occur, which will alter the effects on living organisms. Therefore,
effects of radiation exposure should be studied from various angles

using different measurement modalities, as various causes may affect
biological specimens differently.

In the long history of radiation biology, various methods have been
developed to evaluate the effects of radiation on biological specimens.
In general, biochemical methods, such as expression profiling of related
genes involved in stress response or DNA repair and y H2AX assay,
which visualizes the DNA repair foci, are often used, which focus
on the effect of radiation to biological activities. Although radiation
affects various cell constituents, such as proteins, lipids and carbo-
hydrates, its largest impact is the damage caused to the DNA. Thus,
methods to detect DNA damage, such as the G-band assay, which
examine banding patterns of chromosomes with Giemsa staining [ 10],
and the comet assay, which visualizes DNA damage in single cells
by electrophoresis [11], are considered to be standard assay proce-
dures. The dicentric chromosome assay is an internationally recog-
nized method for assessing the ionizing radiation dose to which an indi-
vidual is exposed [12]. Since dicentric chromosomes are rare in nature,
the amount of ionizing radiation experienced by an individual can
be estimated by counting abnormal dicentric chromosomes in cells.
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Although these methods are well established and can detect the effects
of radiation, the procedure is time-consuming and requires a trained
operator.

Since biological reactions to radiation exposure depend on the
dose, the exposure dose can be retrospectively estimated from the
degree of the reaction. However, the quantitative nature of this method
for dosimetry is low, owing to individual and/or organ differences [ 13~
15]. Measuring the radiation of the environment can be performed
more quantitatively and rapidly compared to measuring that of bio-
logical activities, as pretreatment of samples is not required. Neutron
activation occurs when neutrons collide with atomic nuclei and are
absorbed, creating heavier radioactive isotopes that decay with the
radiation. In human body, one of the most important atoms in neutron
activation is *Na, where with neutron activation turns to **Na which
emits y-ray with the half-life of 14.96 h when decaying to **Mg. By
measuring this y-ray, neutron dose of the individual exposed can be
estimated. Bone and tooth enamel samples are often used in retrospec-
tive dosimetry [16, 17]. The most typical modality in dosimetry for
monitoring the effect on a specimen is magnetic, which provides elec-
tron paramagnetic resonance (EPR) or electron spin resonance (ESR),
which detects unpaired electrons in paramagnetic materials. Hence, the
unpaired electrons generated by ionizing radiation on the nail or tooth
enamel were measured using EPR/ESR dosimetry [18, 19]. Optically
stimulated luminescence (OSL) or thermally stimulated luminescence
(TSL) is a phenomenon in which electrons trapped within the crystal
lattice defects, as crystalline materials absorb ionizing radiation, emit
photons when excited by light or heat. Human o/-keratin contained in
nail or hair cause OSL/TSL, which can be used for dosimetry [20].
Although EPR/ESR dosimetry has many advantages, it is a compli-
cated and expensive process.

Light or optics, which are the oldest modalities used in the biomed-
ical field, provide large quantities of data, high voxel resolution and
simple and rapid testing methods. Fluorescence microscopy enables
the quantification of biological dysfunction in living cells and tissues
induced by radiation exposure [21,22]. Scattering light, such as Raman
scattering, provides not only information related to metabolic reactions
but also chemical information on molecular bonds [23, 24], which
can be reorganized by radiation irradiation directly or through pro-
duction of reactive oxygen species (ROS) [25, 26]. Optical modali-
ties have not reached the mainstream because of their low sensitiv-
ity when used in scattering spectroscopy. Nowadays, the manufactur-
ing technology for optical elements, such as lenses and mirrors, has
advanced, and the sensitivity of photodetector elements has signifi-
cantly improved. Moreover, improvements in computer performance
have enabled to handle vast amounts of microscopic image data, and
different types of biological information can be extracted from these
data [27,28]. In this brief review, we discuss various optical techniques
to evaluate the effects of radiation on biological specimens: single-
molecule tracking detects changes in the dynamics of transcription fac-
tors that reflect the physical properties of DNA, Raman spectroscopy
for dosimetry using human white hair and second-harmonic genera-
tion (SHG) microscopy to evaluate long-term effects on cardiomyo-
genesis. We hope that this review will facilitate to develop a novel
optical method for the easy evaluation of radiation effects on biological
specimens.

OPTICAL METHODS FOR THE EVALUATION OF THE
EFFECTS OF RADIATION
Single-molecule microscopy
The greatest advantage of fluorescent microscopy is its applicability to
monitor the dynamic behaviors of the proteins of interest in a living
cell or tissue by conjugating a fluorescent dye to the protein, enabling
fluorescent microscopy as the most common tool in general biology.
In radiology, fluorescence microscopy is not only used as a standard
observation tool but also as a fundamental technology for yH2AX and

G-band assays.

The ultimate sensitivity in fluorescence microscopy is that of the
‘single molecule’ of protein. By ensuring that the fluorescent dyes
are sparsely distributed and background fluorescence is low using
a total internal reflection fluorescence microscope [29], a highly
inclined laminated optical (HILO) sheet microscope [30], or similar
techniques, single protein molecules can be visualized individually.
Herein, we attempted to establish an easy method to simultaneously
evaluate three types of effects of radiation in living cells: changes in
the expression of a transcription factor, metabolic activity of a ROS
scavenger and mechanical properties of the DNA strand using single-
molecule microscopy.

In a previous study, mouse embryonic stem cells (mESCs) were
the model sample, and Nanog, which is a transcription factor for
pluripotency maintenance, was the target protein [31]. To simplify
the experiment, ultraviolet (UV) irradiation was used instead of
ionizing radiation. Cells were seeded on glass bottom dish and UV
light of 340 nm at 2 mJ/mm” was irradiated to mESC, expressing green
fluorescent protein-tagged Nanog (Nanog-GFP). Single molecules of
Nanog-GFP were tracked immediately and 24 h after UV irradiation
and were compared with those without UV irradiation using custom-
built HILO microscope based on Nikon N-Storm (Nikon, Tokyo,
Japan) equipped with charge-coupled device camera (iXon3 893,
Andor Technology, Belfast, UK). Before single-molecule microscopy
observation, an increase in ROS production and mitochondrial
fragmentation induced by UV irradiation were confirmed with the
commercialized fluorescence indicators CellROX staining (Fig. 1A)
and MitoTracker (Fig. 1B), which was consistent with the previous
results [32].

The change in the expression level of Nanog upon UV irradiation
was easily observed by fluorescence intensity within the nucleus
that; UV irradiation did not affect Nanog expression (Fig. 1C). By
temporarily photobleaching GFP within the observation field of view,
single molecules that newly entered the field can be individually
visualized (Fig. 1D). The photobleaching rate depends on the ROS
activity as photobleaching is an oxidation reaction of fluorophores
by ROS, and ROS scavengers reduce photobleaching by ROS
produced by laser illumination. Immediately after UV irradiation, the
photobleaching rate increased, indicating a reduction in ROS scavenger
activity. One day after UV irradiation, the decrease in fluorescence
intensity by photobleaching was same as that of the cells without UV
irradiation, indicating the recovery of ROS scavenger activity over time
(Fig. 1E). Using the photobleached cells, single molecules of Nanog-
GFP were tracked and the mean square displacement (MSD) [33, 34],
which is the deviation of the position from a reference position, of

each track was analyzed. Since the movement of proteins in a cell is
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Fig. 1. Effects of UV radiation on mESCs. (A) Cells stained with CellROX without (above) or with (below) UV irradiation.

(B) Cells stained with MitoTracker without (above) or with (below) UV irradiation. (Inset) Magnified image showing the
fragmented mitochondria. (C) Fluorescent image of mouse ESCs expressing the Nanog-GFP after UV irradiation. (D) Single
molecules of Nanog-GFP observed via HILO illumination. Typical single-molecule fluorescence spots are indicated by arrows.
(E) Time-dependent change in fluorescent intensity during photobleaching before single molecule observation of
Nanog-GFP-expressing mouse ESC nucleus without UV irradiation (hairline) just after UV irradiation (thin line) and 24 h after
UV irradiation (thick line). (F, G) Confined radius (R,) (F) and diffusion constant (D) (G) measured via single-molecule tracking
without UV irradiation (open) just after UV irradiation (dashed) and 24 h after UV irradiation (filled). Error bar represents the
standard deviation (SD). n = 35 for —UV, 56 for +UV and 19 for +UV (24 h). Reproduced from Okamoto et al., 2023 [31].

dominated by diffusion based on Brownian motion and restricted by  (confined radius, Rc) of diffusion are reflected in the MSD [33]. In our
interactions with other elastic components, such as the cytoskeleton  study, Rcincreased slightly with UV irradiation, although the difference
and DNA strands, the speed (diffusion constant, D) and range  was not statistically significant (Fig. 1F), and D did not change after
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UV irradiation (Fig. 1G). This result indicates that the chromatin
opened slightly upon UV irradiation, which is consistent with previous
findings [35, 36].

Using single-molecule microscopy, we successfully evaluated the
effects of UV light on the functions of ROS scavengers and changes
in the physical properties of DNA. The results of single-molecule
microscopy revealed that with UV irradiation, ROS scavenger function
decreased, possibly due to the degradation of antioxidants triggered
by mitochondrial damage, which recovered after 24 h. Although UV
irradiation only negligibly affects the diffusion movement of Nanog, it
may significantly affect other transcription factors and proteins.

Raman spectral microscopy for hair dosimetry

In radiation accidents or disasters, the radiation dose experienced by
an individual should be estimated as it can be used as a reference to
determine the treatment plan for the individual or for epidemiological
studies. For retrospective dosimetry, bone or tooth enamel samples
from individuals are often collected for EPR/ESR or OSL/TSL mea-
surements as signals are more stable compared to cell-based meth-
ods, such as y H2AX or dicentric chromosome assay [37-39]. These
methods are well established and can measure doses from ~100 mSv
and above; however, sample collection is often difficult and invasive
methods, such as bone biopsy, are needed. To overcome the difficulty
of sample collection, nails and hair have attracted attention, owing to
their low invasiveness in sample collection. Both nails and hair are
mainly composed of fibrillar protein keratin, and they have been proved
useful for retrospective radiation dosimetry [20, 40, 41]. In addition
to the aforementioned methods, Raman spectroscopy can be used for
dosimetry. Raman spectra of the samples reflect the state and abun-
dance of chemical bonds within the material; thus, they may detect
structural alterations and induced defects in the crystal lattice caused
by ionizing radiation. A recent report showed that Raman spectroscopy
can distinguish between non-irradiated and X-ray-irradiated red blood
cells [42].

To further assess the possibility of using Raman spectroscopy in
radiation dosimetry, we evaluated whether y-ray irradiation changes
the Raman spectrum of human white hair. Human white hair was irra-
diated at 2, S and 20 Gy using a Gammacell-40 Exactor (MDS Nordion)
at 12.5 mGy/s, and Raman spectra were measured using a home-built
Raman microscope equipped with a $32 nm laser [43]. Irradiated and
non-irradiated hair samples were attached between two coverslips with
an adhesive tape where the gap between coverslips were immersed with
water and edges were sealed with enamel (Fig. 2A). Raman spectra
were obtained using X 40 water immersion objective lens (Nikon) with
S min exposure. Obtained spectra was processed using home-built soft-
ware using Microsoft Visual C++. Raman spectra was obtained from
14 (0 Gy), 18 (2 Gy), 17 (S Gy) and 12 (20 Gy) hairs. Statistical anal-
ysis was performed using Microsoft Excel (Redmond, WA). Human
white hair samples were purchased from Ketabaya (Tokyo, Japan). In
comparison to Raman spectrum of non-irradiated white hair, a slight
change was observed in the Raman spectra of white hair irradiated
at S and 20 Gy in the fingerprint region (700-1800 cm™'; Fig. 2B).
Conversely, CH region (2600-3200 cm ™) of the Raman spectra were
almost identical between non-irradiated and y-ray irradiated white
hair (Fig. 2C). To visualize the change in Raman spectrum by y-ray
irradiation, difference spectra were calculated between non-irradiated

hair where the averaged 0 Gy spectrum was subtracted from 2 (green),
S (orange) and 20 Gy (red) averaged spectra (Fig. 2D). The difference
spectra showed that there were peaks that were largely changed by 5
and 20 Gy irradiation in the opposite direction to 2 Gy irradiation
(Fig. 2D, arrows). Probably, these peaks could be used as markers for
radiation. To confirm this, we calculated the peak ratio of 1334/1003
and 1628/2953 (Fig. 2E). These peaks were attributed to phenylala-
nine (1003 cm™"), amide-I1I (1334 cm ™), amide-I (1628 cm™") and
CH; stretching (2958 cm ™) [44, 45]. For the 1334/1003 value, there
were no differences between non-irradiated and 2 Gy-irradiated hair;
however, an increase was observed in 5 Gy- and 20 Gy-irradiated hair
(Fig. 2E, left). For the 1628/2958 value, a slight decrease was observed
in 2 Gy-irradiated hair, whereas an increase was observed in 5 Gy-
and 20 Gy-irradiated hair compared to non-irradiated hair (Fig. 2E,
right). This result indicates that these peaks can be used to identify
hair irradiated at 5 Gy and above. To further examine the difference
between Raman spectra from non-irradiated and y -ray irradiated hair,
we performed discriminant analysis of principal components (DAPC)
to the fingerprint region of the Raman spectra (Fig. 2F). DAPC score
plot showed that 0 and 2 Gy spectra were located in the same region,
whereas 5 and 20 Gy spectra were located in a different location com-
pared to 0 and 2 Gy spectra in the score plot (Fig. 2F).

These results show that Raman spectra from white hair can be
used to distinguish between 0 and 2 Gy y -ray irradiation and >5 Gy
irradiation, however, it is not capable of distinguishing the dose <2 Gy.
The peaks that showed major difference with y -ray irradiation >3 Gy
were mostly protein-related, which is reasonable because hair is mostly
composed of proteins. Our finding is consistent with the previous
report that revealed y-ray irradiation caused changes in the Raman
spectra of human black hair, although only the 1370 cm™" /1589 cm™
ratio of the first-order Raman spectra focusing on carbon structure
was examined [46]. We believe that the further development of this
method will enable the use of Raman spectroscopy in retrospective
biodosimetry.

Assessment of the tardive effects of radiation on
cardiomyocytes using SHG microscopy
The stochastic effects of radiation are mostly focused on oncogenesis
or heritable diseases, as they are often prominent and have a significant
influence on the individual. Besides these effects, surviving stem cells
still possess pluripotency and can differentiate into functional cells [47,
48]. However, cells that are differentiated from radiation-damaged cells
may possess abnormalities compared with normal cells. A recent report
showed that cardiomyocytes differentiated from X-ray-irradiated ESC
had beating abnormalities [48], indicating that the radiation exposure
of stem cells may cause functional abnormalities in cardiomyocytes.
Cardiomyocyte abnormalities can be assessed using various methods,
such as the hERG or QT assay; however, these methods target ion
channels [49, 50]. Since the primary function of cardiomyocytes is to
generate force and contract, an assay to evaluate the force-generating
capability of myosin motors is preferable. While heartbeat measure-
ment based on video analysis and sarcomere length measurement is
a simple, non-invasive method for evaluating cardiomyocyte dysfunc-
tion, it provides no information on the mechanism of force generation
failure. We applied a method to estimate the actomyosin crossbridge
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Fig. 2. Change in Raman spectra by y -ray irradiation. (A) Schematic illustration of the experimental setup. (B) Averaged Raman
spectra of human white hair without y -ray irradiation (hairline) and with 2 Gy (thin line), 5 Gy (medium line) and 20 Gy (thick
line) irradiation in the fingerprint region. (C) Averaged Raman spectra of human white hair in the CH region. Line indication is
same as in (B). (D) Differences in the Raman spectra of the fingerprint region. Raman spectrum of human white hair without

y -ray irradiation was subtracted from the 2 Gy (thin line), 5 Gy (medium line) and 20 Gy (thick line) Raman spectra. (E) Peak
value ratio of human white hair Raman spectra with and without y -ray irradiation. (Left) 1334/1003; (right) 1629/2958. Error
bar represents the SD. Asterisks indicate the statistical significance (P < 0.05) at 0 Gy via the Student’s t-test. (F) DAPC score plot
of human white hair Raman spectrum in the fingerprint region. Each symbolshow hair with irradiation at 0 Gy (open circle), 2 Gy

(filled circle), 5 Gy (filled triangles) and 20 Gy (open squares), 2 Gy (filled circle).

state in beating cardiomyocytes based on SHG microscopy to inves-

tigate the acquired dysfunction of cardiomyocytes differentiated from

radiated stem cells. SHG is a second-order nonlinear optical process

in which when light enters a substrate with asymmetries in electric

polarization, light with half the wavelength is generated. It is utilized

in various applications, including microscopy, to image the biologi-
PP g PY) g g

cal tissues [S1]. As the electric polarization of proteins is reflected

in the polarization state of SHG light, previous reports have shown

that structural changes or the actomyosin crossbridge state of muscle

fibers can be estimated by analyzing the incident light polarization
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Fig. 3. Effects of UV irradiation on hiPSCs differentiated into cardiomyocytes. (A) Immunofluorescence image of hiPSCs
irradiated with UV. (Left) , DAPI; middle, Sox2; right, Oct4. Scale bar, 50 ;zm. (B) Immunofluorescence image of cardiomyocytes
differentiated from non-irradiated (above) and 125 mJ/cm? UV-irradiated (below) hiPSCs. Scale bar, 20 ;tm. (C) Kymograph
showing the pulsation of cardiomyocytes differentiated from UV-irradiated hiPSCs observed under an SHG microscope. (D)
Dependence of SHG intensity on incident polarization angle without (hairline) or with 31.35 mJ/cm” (thin line), 62.5 mJ/cm?
(medium line) and 125 mJ/cm” (thick line) UV irradiation. (E) Relationship between the change in sarcomere length (ASL) and
y value. Slack length was set at 1.4 ;um. (F) Average SHG intensity histogram of cardiomyocytes derived from iPSCs without and

with UV irradiation. Reproduced from Fujita et al., 2023 [54].

dependency of the SHG signal [52, 53]. This method was adopted to
beating cardiomyocytes [54].

To simplify the experiments, UV radiation was used instead of
ionizing radiation. Human-induced pluripotent stem cells (hiPSCs)
were irradiated with 254 nm UV at 31.25 mJ/cm? (low irradiation),
62.5m]J/cm? (medium irradiation) and 125 mJ/cm? (high irradiation).
Although cell viability after irradiation decreased with an increase in
irradiation energy, >90% of the surviving cells positively expressed
pluripotency markers (Fig. 3A) [$4]. Stem cell integrity was confirmed
by immunofluorescent imaging against Sox2 and Oct4, which showed
that both pluripotency markers were expressed in most of the cells
regardless of the UV irradiation (Fig. 3A). These hiPSCs differentiated

into cardiomyocytes via an embryoid body formation, resulting in
cardiomyocytes with sarcomeric structures (Fig. 3B). However, beat-
ing of the sarcomere was abnormal in cardiomyocytes differentiated
from UV-irradiated hiPSCs, where beating became less with low irra-
diation, almost terminated with medium irradiation and recovered at
low frequency with high irradiation (Fig. 3C). In the SHG anisotropy
measurement of the muscle, the polarization dependency of the SHG
intensity (Fig. 3D) can be fitted with the following equation:

10)=A [{ycos2 (O — 60) + sin® (0 — 6)} + sin’2 (0 — 90)],

(1)



where 6 is the incident polarization, 6, is the orientation angle of the
sarcomere in microscope coordinates, A is the proportionality con-
stant and y reflects the crossbridge state [52, 53], where higher y
indicates the presence of more strongly bound crossbridges. Change in
sarcomere length (ASL)-y value, shows linear correlation, indicating
that more crossbridges are required for more shortening (Fig. 3E, left-
most region). When low UV irradiation was applied to hiPSCs and
differentiated into cardiomyocytes, the ASL-y relationship increased
in both the slope and intercept (Fig. 3E, middle region on the left),
which further increased by increasing to medium irradiation (Fig. 3E,
middle region on the right). The slope of ASL-y indicates the effi-
ciency of myosin force generation because more myosin molecules are
required to shorten the same length. Contrarily, the intercept indicates
the amount of non-functional myosin head attached to the actin fil-
ament because the increase in strongly bound crossbridges does not
contribute to force generation. Therefore, UV irradiation of hiPSCs
at a low-to-medium intensity decreases the efficiency of myosin force
generation and increases the amount of dead myosin bound to actin
filaments, but it does not generate force. When hiPSCs were irradiated
at a high dose, the obtained cardiomyocyte showed ASL-y relation-
ship having slope similar to that of the control; however, the inter-
cept remained high (Fig. 3F, right-most region). This indicates that in
cardiomyocytes differentiated from hiPSCs irradiated with high-dose
UV light, the efficiency of myosin force generation returns to normal,
whereas the population of non-functional myosin heads attached to the
actin filaments remains high.

Thus, we succeeded in evaluating the acquired functional abnor-
malities in stem cells caused by radiation exposure. The above-
mentioned experiment mimicked radiation exposure to the fetus at
an early stage of pregnancy, and irradiated stem cells differentiated
into various organs, including the heart. It is ethically impossible to
experimentally investigate the effects of radiation on the human fetus.
However, the proposed experimental protocol using hiPSCs and SHG
microscopy may aid in the study of radiation effects on the human
fetus. The mechanism by which cardiomyocytes differentiated from
hiPSCs irradiated with high UV doses regain their contractile function
remains unknown. In the same study, we found that the total SHG
intensity of cardiomyocytes decreased with UV irradiation, indicating
fewer myosin filaments, but recovered with high UV doses (Fig. 3F).
This may be caused by the differentiation of cells damaged by UV light
at low and medium doses into defective cardiomyocytes, and further
UV irradiation destroys all these damaged cells, and cells with high UV
resistance survive, producing cardiomyocytes with smaller defects.
Other possibility is that at high dose, damaged hiPSCs were removed
by strong UV irradiation, resulting in the increase in the low-damaged
cell population at high dose. These possibilities should be evaluated in
the future.

CONCLUSION
In this short review, we introduced various optical methods to evaluate
the effects of radiation on biological specimens as alternatives to
the currently employed methods. Single-molecule microscopy can
be used to determine the effects of radiation related to the state
of oxidation and DNA in the cell. We demonstrated that Raman
spectroscopy of human white hair can detect radiation exposure
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above 5 Gy. Further improvements in this method may facilitate
dosimetry in the lower radiation range. SHG microscopy facilitates
the detection of defects in cardiomyocytes differentiated from
stem cells, which are damaged by radiation. This method may be
expanded to other cell types, such as neurons, in which SHG-
positive structures are essential for their functions. Other optical
techniques, such as super-resolution microscopy, may also be used
for the evaluation of the effects of radiation on biological specimens.
In summary, further advances in optical methods may improve the
current standard methods for the evaluation of radiation in living
organisms.
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