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Charged particle therapy is increasingly becoming a valuable tool in cancer treatment,
mainly due to the favorable interaction of particle radiation with matter. Its application is
still limited due, in part, to lack of data regarding the radiosensitivity of certain cell lines
to this radiation type, especially to high-linear energy transfer (LET) particles. From the
earliest days of radiation biology, the clonogenic survival assay has been used to provide
radiation response data. This method produces reliable data but it is not optimized for
high-throughput microbeam studies with high-LET radiation where high levels of cell killing
lead to a very low probability of maintaining cells’ clonogenic potential. A new method,
therefore, is proposed in this paper, which could potentially allow these experiments to
be conducted in a high-throughput fashion. Cells are seeded in special polypropylene
dishes and bright-field illumination provides cell visualization. Digital images are obtained
and cell detection is applied based on corner detection, generating individual cell targets
as x—y points. These points in the dish are then irradiated individually by a micron field
size high-LET microbeam. Post-irradiation, time-lapse imaging follows cells’ response.
All irradiated cells are tracked by linking trajectories in all time-frames, based on finding
their nearest position. Cell divisions are detected based on cell appearance and individual
cell temporary corner density. The number of divisions anticipated is low due to the high
probability of cell killing from high-LET irradiation. Survival curves are produced based
on cell’'s capacity to divide at least four to five times. The process is repeated for a range
of doses of radiation. Validation shows the efficiency of the proposed cell detection and
tracking method in finding cell divisions.

Keywords: clonogenic survival assay, high-LET radiation, microbeam, bright-field imaging, cell tracking

Abbreviations: FOV, field of view; LQ, Linear-Quadratic; LET, linear energy transfer; PE, plating efficiency; SE survival frac-
tion; U251, U-251 MG pleomorphic human glioblastoma (cells); WSVM, Wolfson Surrey vertical microbeam.
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INTRODUCTION

Charged particle therapy is increasingly becoming a valuable tool
in cancer treatment, mainly due to the favorable interaction of
particle radiation with matter: it maximizes the dose attributed
to a specific depth of tissue by adjusting the beam energy and
intensity, creating a peak of dose called Bragg peak (1). Although
thousands of patients have been already treated with particle
therapy during the last 60 years, uncertainties still limit the
application of this treatment method. One of the limiting factors
is the lack of correlation between the delivered dose of radiation
and the biological output (2). Clinical trials boost the knowledge
and experience in handling particle therapy situations but data
are limited. However, working with high-throughput in vitro
biological cell assays can provide valuable information regarding
the interaction of single cells with charged particle radiation (3).

CLONOGENIC SURVIVAL ASSAY

Basic Principles

Cell radiosensitivity can be examined by performing a clonogenic
survival assay in vitro. The clonogenic integrity post-irradiation
is examined by the ability to divide and form colonies of at least
50 cells (4). The outcome is the correlation between deposited
radiation dose and biological end-point investigated. The basic
principles of this tool are well-manifested in the literature (4, 5);
therefore, only a short overview will follow. Biological cells are
seeded in a number of dishes and each dish is irradiated with a
known type of radiation with different dose for every dish. One
or more dishes are not irradiated (control dishes) and these are
used to calculate the plating efficiency (PE). The ultimate goal of
a clonogenic survival assay is the production of a graph in which
the logarithmic survival fraction (SF) is correlated with the dose.

Radiobiological Models

Although different models have been proposed to describe the
relation between cell SF and dose, thelinear-quadratic (LQ) model
is widely recognized although questioned over its universal fit.
According to this model, the cell survival curve exhibits a linear
decrease with dose for lower doses while it has a steeper fall-off
for higher doses (i.e., quadratic), expressing a higher impact from
high-dose radiation to cells. Eq. 1 provides the formula that cor-
relates the dose with the SF:

SE =P 1)

where a (Gy™') and P (Gy™?) are the cell radiosensitivity param-
eters (6), specific for a particular experiment and cell type. The
ratio o/p gives the dose (Gy) where both components, linear and
quadratic, have equal contribution to cell survival.

Nevertheless, at low doses, data are not reliable due to low
cell killing probability and survival rates are generated through
extrapolation toward zero-dose (7). However, mammalian cells’
increased radiosensitivity in very low doses (<10 cGy) result in
enhanced cell killing (8, 9) and, hence, an Induced-Repair term
has been suggested to correct for the adverse cell response in low
doses; Eq. 1 becomes Eq. 2:
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where a is the slope of the low-dose curve of the corrected model,
while D, is the dose at which cells start to become radioresistant
(10). Besides low doses, the LQ model may overestimate the
irradiation effect at doses >5-6 Gy (7).

Apart from the LQ model, the local-effect model has been
introduced. This model is based on the notion that cell inactiva-
tion is caused almost entirely by ion traversals in the local area
of cell nucleus and it depends only on the number and proximity
of those traversals (11, 12). The effect is independent to radiation
type with equal doses causing equal effects; therefore, the radio-
biological effect from charged particle radiation can be derived
from the respective effect from photon radiation (13). According
to this model, the SF is described by Eq. 3:

SF=e

a,D+B,D’,D<D,
—InSF= , Px t (3)
o,D+B,D*+s_ (D-D,),D>D,

Smax = a’X + 2BXDI (4)

where .0 is the maximum slope, ox and Px are the slopes for the
photon LQ model and D is the threshold dose above which the
SE decreases exponentially (11).

Cell Survival Studies with High-LET

Radiation

Cell survival depends strongly on the linear energy transfer (LET)
of the beam that is the radiation energy deposited in matter per
unit of distance. Research so far has indicated that high-LET
radiation (generally LET >10 keV/pm) is more effective in
cell killing with the survival curve being much steeper than in
low-LET radiation. Since the beginning of 1960s, it was shown
that high-LET a-particles produce an exponential kidney T cell
survival curve that becomes linear and steep for higher doses
(14). Low-energy high-LET protons produced lower SF in V79
Chinese hamster cells (15), while high-LET a-particles produced
clustered DNA damage (16). High-LET carbon ions resulted in
as low as 5% survival of AG1522D cells in experiments at GSI
(17) when five particles hit each cell. This evidence is strongly
supported by experiments in NIRS which showed that high-LET
carbon ions are more effective in killing human colon cancer
stem-like cells (18), pancreatic cancer stem-like cells (19), or
A549 lung cancer cells and human embryonic kidney cell than
low-LET X-rays (20). Moreover, high-LET a-particles induced a
lower than 10% survival of A549 lung cancer cells for a dose of
2 Gy compared to the respective rate of higher than 50% for X-ray
irradiation (6, 21).

Drawbacks of Existing Method

Although clonogenic survival assays are used widely to quantify
radiation effects, there are some practical complications. First,
in some laboratories, cells are seeded into special chambers that
fit into the charged particle facilities. Following irradiation, cells
have to be detached and re-seeded to normal dishes for follow-
up (9), which may lead to additional cell death. Moreover, the
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standard protocol involves invasive cell staining methods for
macroscopic colony counting, which ultimately leads to cell
killing. The staining process is also characterized by difficulty in
transfection for some cell lines while stains fade with time due to
cellular physiological processes or even divisions. Colonies are
counted after 5-6 cell divisions; depending on the specific cell
cycle time, this process can be slow providing results even after
2 weeks. Additionally, when cells are irradiated with an average
of one particle per cell, particle distribution follows the Poisson
statistics: 37% of the cells receive the prescribed number of par-
ticles, 26% receive more than this dose while the rest 37% of the
cells do not receive any dose (22).

CLONOGENIC SURVIVAL ASSAY USING
HIGH-LET MICROBEAM IRRADIATION

In this paper, we present the theoretical base and the methodology
for a new type of clonogenic survival assay for high-throughput
cell irradiation, designed for high-LET targeted irradiation
experiments, providing examples for its application. The pro-
posed method focuses on the detection of mitotic catastrophe
(cell death after unsuccessful attempt to divide) as a result of cell
response to radiation; it does not assess the traditional colony
formation potential but operates as a complementary technique.
This method involves the precise irradiation of numerous single
cells in vitro using a charged particle microbeam, with subsequent
follow-up of cell response through label-free bright-field time-
lapse imaging.

Microbeams in Radiobiology

Although modern microbeams were originally designed for non-
radiobiological experiments, they can be used to irradiate cells
in vitro. They produce radiation beams with high spatial accuracy
since their field size can be smaller than 1 pm (23, 24), enough to
selectively target a cell compartment, such as the nucleus which
has a typical diameter of 5-10 pm (25). They also overcome the
problem of particle Poisson hit distribution of broad-beam facili-
ties by irradiating all cells with a precise dose of a number of N
particles, leading to uniform dose distribution.

Dosimetry in microbeam irradiation is highly important in
subcellular level. The attributed dose depends on the LET, par-
ticle fluence, and cell density (9). The latter is not always stable.
Although a cell is considered to have similar density to water, it
is not known whether this approximation remains constant over
time (26). Moreover, the change in cell thickness may well affect
the delivered dose as thicker cells increase the radiation interac-
tion and, thus, the energy deposition.

Rationale of High-LET Clonogenic Survival
When using high-LET radiation to perform a clonogenic survival
assay, the objectives are subtly distinct. High-LET radiation is
densely ionizing radiation and it is responsible for complex lesions
that may include several DNA bases, single-strand or double-
strand breaks (25). When a molecule of DNA is traversed by a
high-LET charged particle, multiple such lesions are produced
(27). In many cases, the cell is unable to repair those multiple

lesions while false damage identification and misrepair can also
happen (28). Therefore, in high-LET irradiation, if four to five
divisions occur and originate from the same cell, then there is
a high probability that this cell has maintained its reproductive
integrity (29). Therefore, the assessment of mitotic catastrophe
can provide reliable and complementary data to colony formation
assay regarding the cell response. Moreover, the investigation of
clonogenic potential of the progeny could provide evidence for
late-appearing effects.

Surrey Vertical Microbeam and Secondary

Microscope

The Wolfson Surrey vertical microbeam (WSVM) was used in
this research as a facility that provides highly focused high-LET
radiation. A complete description of this microbeam can be
found in Merchant et al. (30) and Jeynes et al. (31). Therefore,
only a short overview will follow. The WSVM was specifically
designed for radiobiological experiments and, hence, its vertical
configuration achieves minimum cell stress. It has an estimated
maximum irradiation capacity of 20,000 cells per hour. The
smallest achieved radiation spot size is 1 pm, which makes the
beam suitable for irradiating individual cells. It provides a range
of particles, from protons to calcium ions, with energies from 0.5
to 12 MeV.

On top of the beam exit, there is an integrated up-right micros-
copy facility that serves in cell imaging and microbeam targeting.
The microscopy facility provides full environmental control to
ensure optimum living conditions for the cells: temperature of
37°C, humidity of 95%, and CO, flow of 5%. A three-axis motor-
ized stage provides dish movement across all directions x-y-z for
cell targeting. An objective water-dipping lens is mounted above
the dish, while a digital camera system provides cell imaging.

However, due to difficulties in maintaining suitable environ-
mental conditions for the cells at the microbeam microscopy
facility, a secondary microscope was used to perform long
time-lapse validation experiments. In those experiments,
U-251 MG pleomorphic human glioblastoma (U251) cells were
used. A Nikon Eclipse Ti-E confocal microscope was used in
bright-field illumination mode with a Nikon CFI S Plan Fluor
40x objective.

Principles of Suggested Method

Dish Preparation

The design of the cell dish that is used in most microbeams is
crucial to the irradiation outcome. At the WSVM, the radiation
beam has to penetrate the dish bottom in order to reach and
irradiate the cells. Nevertheless, due to the low output energy,
the radiation beam will strongly interact with the dish mate-
rial if the latter has certain thickness. Common plastic or glass
substrates with thickness in the region of 150 pm are not suitable
for these experiments. Therefore, thin polypropylene foils, with
thickness of 4 pm, are used as substrate material in order to avoid
strong interaction between the radiation beam and the substrate
(32, 33). The polypropylene foil is kept between two metallic parts
and a rubber o-ring, creating a water-tight environment for the
cells and the culture medium.
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The seeding process was carried out as previously described
(33). However, the density of cells in the dish is a factor that needs
special consideration. Research has indicated that density has to
be low in order to allow cells to evolve and divide, exploiting their
clonogenic colony formation ability. More specifically, either
very low densities of 2-8 (34), 5 (35), and 6.4 cells/mm? (36) or
higher densities of 120 cells/mm? (37) have been accounted in the
literature. Although the proposed method does not exploit cells’
clonogenic potential but rather their proliferative capacity, it was
decided to follow the established protocol in cell seeding.

Cell Imaging

Fluorescence microscopy is the most common imaging method
in microbeam community as it is used in many microbeam
facilities (23, 24). However, enhanced photo-toxicity to the cells
due to excess stain excitation in time-lapse imaging may lead to
additional cell damage and, hence, overestimation of irradiation
effect. Therefore, it has been suggested that alternative to fluores-
cence imaging methods should be used in clonogenic survival
experiments (38, 39).

Phase contrast is an excellent alternative that offers good image
quality. It has been previously used in a-particle collimated irra-
diation devices (40-42) or even microbeams (43) but it is difficult
to implement in the WSVM vertical configuration due to conflicts
with the path of the beam. Therefore, label-free bright-field illu-
mination microscopy is used to provide cell imaging for reasons
that have been justified in the literature (33, 39). Cell imaging is
performed in two separate sessions. First, prior to cell irradiation,
the dish is inspected under the microscope and an area contain-
ing cells is chosen. The size of this area depends on the number
of cells to be irradiated. A wider area provides more targets for
irradiation. The chosen area is virtually divided into field of views
(FOV), depending on the FOV of the objective (Figure 1). An
electrostatic scanning is then performed: the system stage-dish
moves at the position of the first FOV under the objective, an
image is acquired, image analysis is performed for cell target
definition (i.e., x—y points of cell centroid) and the targets are sent
to the microbeam for irradiation. After irradiating the cells of the
first FOV, the dish moves to the next FOV. The process is repeated
until all cells in the selected dish area are irradiated.

As soon as the irradiation process finishes, the beam stops.
The follow-up of irradiated cells is achieved through time-lapse
bright-field imaging and cell tracking. Depending on the cell
cycle duration, cells should be ideally followed for at least four cell
cycles in order to detect division abnormalities in the progeny of
the irradiated cells. Time-lapse imaging of the previously irradi-
ated area is performed every 10 min.

Cell Detection in Bright-Field Microscopy

Although cell detection techniques have been described in
the literature, these are dedicated to phase contrast (42, 44) or
fluorescence imaging for microbeam irradiation. Phase-contrast
image processing is based on the notion that cells are bright and
the background is dark. Therefore, general image processing
tools, such as thresholding, morphological processing and shape
detection can synthesize a reliable pipeline through which cell
detection is achieved (42). However, bright-field cell images
suffer from certain drawbacks. They usually exhibit very low cell
visibility and they include not only cells but also debris. Also, the
use of polypropylene as substrate generates characteristic “loop”
artifacts that severely interfere in both cell visibility and cell detec-
tion. Therefore, a special cell detection method was developed.

The cell detection method for microbeam targeting in
bright-field imaging has been already analyzed (33) but a brief
description is given in this paper. Images are acquired in a weakly
defocusing mode (i.e., +2-4 pm from the perfectly focused
plane) in order to enhance cell visibility, which is a standard
contrast-enhancement technique in bright-field illumination
mode (45). MATLAB® (The MathWorks, Natick, MA, USA) is
used as software platform to design the cell detection module.
Apparent cellular features originating either from the nucleus
or the cytoplasm are detected using the Harris corner detector
(46). This feature detection technique presents high selectivity
in cellular features, while it limits substantially the detection of
artifacts and background features.

The increased cell feature selectivity leads to using clustering
techniques for grouping corners and forming cellular representa-
tions. Agglomerative hierarchical clustering is used to eliminate
outlier corners, while a density-based technique groups the
remaining corners capitalizing on their high density in cellular
areas. Weighted centroids are calculated as x-y coordinates that
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FIGURE 1 | Schematic representation of cell dish area selection and virtual division of this area into frames, based on objective’s FOV size.
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are used as targets for irradiation or as cell markers for ensuring
cell existence post-irradiation.

Cell Tracking and Division Detection

in Bright-Field Microscopy

Cell tracking was achieved by using a detection-based technique
called two-point microrheology (47). Cells are sequentially detected
in all time-lapse images as described in Section “Cell Detection in
Bright-Field Microscopy.” Each detected point x—y corresponds to
one cell. Through cell tracking, each cell position is propagated in
all time-frames by searching for its spatially nearest point in the
following frames. Moreover, each cell is examined concurrently
with its spatially nearest cell in order to avoid errors due to trajec-
tory mixing during position linking. The linking depends on one
input parameter that is the maximum predicted distance (in pixels)
traveled by cells between two successive time-frames.

The cell tracking module has been adjusted in order to provide
either off-line tracking after the completion of time-lapse imaging
or on-line tracking in between successive time-lapse acquisitions.
Using the latter, individual cell revisiting is possible in order to

inspect the cell response to radiation in real time or even re-
irradiate specific cells.

A critical requirement of this method is the ability to detect
cell divisions in bright-field time-lapse images since these
events determine the clonogenic potential. Detection of cell
division is achieved through integrating a hybrid method. First,
the number of cells is counted between two consecutive time-
lapse acquisitions. The site in the dish where a candidate new
cell appears is recorded as a possible site of division. Then, for
each cell, the a-shape (48) or concave hull is calculated in order
to provide a rough estimation of the cell outline. This calcula-
tion is based on connecting the outside corners that belong to a
single cell. From the cell outline, the cellular area is calculated.
Using the estimated cellular area from the a-shape and the
number of corners attributed to this cell, a new parameter is
defined as the corner density d per 100 pixels, for each cell,
described by Eq. 5:

_ number of corners

d x100. (5)

area in pixels

FIGURE 2 | Time-lapse images of U251 cells showing the change in morphology of a dividing cell. (A) Non-dividing adherent U251 cells. (B) One of them
divides, obtaining a characteristic round shape. (C) The dividing cell starts the separation process. (D) The cell has divided and the daughter cells become adherent.
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Apart from the corner density, the eccentricity is calculated
for each cell; this parameter describes the cell shape (49). It is
well-known that mammalian cells obtain a characteristic ellipti-
cal or even round shape with highly condensed material when
they intend to divide (Figure 2). Therefore, the eccentricity e is
calculated according to Eq. 6, characterizing a cell as dividing or
non-dividing:

(6)

where M is the major and m is the minor axis of the potential
ellipsis. A similar measurement of compactness has been also
used by other researchers (42).

Evaluation of Clonogenic Potential

Following the cell detection prior and post-irradiation as well as
the calculation of corner density and eccentricity, the next step is
the calculation of the clonogenic parameters. The control dish is
examined after 3-4 days, depending on the cell cycle, and the PE
is calculated based on Eq. 7. Concerning the S, this is calculated
based on the number of cells that divided twice post-irradiation
and not on the colony formation. Therefore, the SF is defined by
Eq. 8:

_ Number of cells that formed colonies

PE (7)

Number of cells seeded

3 Number of cells divided N times after irradiation
B Number of cells seeded x PE

SF (8)

FIGURE 3 | Cell detection application on bright-field image of HeLa
human cervix cells, acquired with a 40x objective. Yellow-red markers
define the x—y positions that characterize the cell presence. The “loop”
artifacts originate from the polypropylene substrate since it becomes
transparent in bright-field microscopy.

In this case, the SF resembles another measurement, the
mitotic index, which is the ratio of successfully divided cells to
the total irradiated cells (50).

VALIDATION OF PROPOSED METHOD

Cell Detection

Cells are detected for each FOV and their positions are recorded
in a list. The latter is updated every time a new cell is detected.
Figure 3 shows the application of the cell detection module on an
image of semi-adherent HeLa human cervix cells, obtained with
a 40X objective. The density of cells in this area is higher than the
optimum one.

Cell Tracking and Cell Division Detection
The proposed method for cell tracking and cell division detec-
tion was tested on images of V79 Chinese hamster cells on
polypropylene substrate. No errors were detected but the sets
of images did not contain any divisions. Therefore, the module
was tested on images of U251 cells on a glass-bottomed dish.
Figure 4 shows the detection of two daughter cells (right, with
red-yellow markers), originating from a single parent cell (left).
Figure 5 shows the tracking diagram of the cell(s) of Figure 4,
where the motion pattern can be identified while Figure 6
shows their lineage tree. The latter provides all the data needed
to successfully identify a division: the two daughter cells are
associated with a specific parent cell while the system records
the time and frame at which the two cells were detected as
separate entities.

Figure 7 shows the progression of corner density in the par-
ent cell of Figure 4 and the corner density of one of the daughter
cells. Corner density takes value in the range of 3.0-3.5 per 100
pixels for adherent cells while it reaches values higher than 5.5
in the actual cytokinesis process. At this stage, post-division,
corner density decreases again for the daughter cells as soon as
they become adherent again.

DISCUSSION

The use of bright-field illumination instead of the more commonly
used fluorescence excitation prevents the induction of excess
photo-toxicity and it avoids photo-bleaching effects. Therefore,
the observation of cell reaction post-irradiation includes only
radiation effects without effects originating from the toxic action
of fluorescence stains. Although bright-field images are highly
complex and cells become invisible in many cases, the cell detec-
tion method is successful at detecting at least 88% of the cells (33).

It has been well-understood from the early days of research
with high-LET radiation that the latter generates linear survival
curves with steep slope as a result of the high probability of cell
killing, especially in the high-dose areas (14), while current evi-
dence continuously confirms this notion (17, 19). However, very
few cell types die soon after irradiation, through a programed
death path. Research has shown that although mitotic index
reached a minimum value at 4 h post-irradiation, cells may start
to divide after this period of time (51). Most cells die when they
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FIGURE 4 | (A) Detailed view of original bright-field image of U251 cells on glass substrate, taken with 40x objective, with a single (parent) cell detected, indicated
by an overlaid yellow-red marker. (B) Detection of two daughter cells post-division. The time difference between the two frames is 50 min.

FIGURE 5 | Tracking diagram of the U251 cell(s) that are present in
Figure 4 for a total duration of 20 frames, which corresponds to 3.5 h.
The yellow circle indicates the initial parent position, each yellow marker
indicates subsequent positions, and the green markers indicate the initial
positions of the daughter cells.

attempt to divide since they cannot complete this process. Some
cells may even divide successfully but they may bequeath heredi-
tary effects that may cause death to the progeny. Therefore, it is
essential to develop and/or integrate a cell tracking module that
can track cells through time and detect divisions for more than
one cell cycle. The assessment of mitotic catastrophe can enhance
the knowledge of cell response to radiation and complement the
colony formation assay.

The cell tracking module is effective on connecting cell tra-
jectories. It is independent to the cell detection module since it

123 456 7 8 9101112131415 16 17 1819 20

Frame ID

FIGURE 6 | Lineage tree of the U251 cell(s) presented in Figure 4 for a
total duration of 20 frames, which corresponds to 3.5 h. The initial
parent cell (#1) position is denoted with a yellow circle and its presence is
recorded for each subsequent position up to frame #17. After this frame, the
parent cell is not recorded and the two daughter cells appear with their first
record denoted with green circles.

connects only points and not entire cell structures. Therefore, it
can be used to link trajectories for any cell detection method. The
dependence of this module on only one input parameter makes
the tracking application less complicated. The individual on-line
cell tracking gives the opportunity for automated revisiting of
cells at any time-point during the time-lapse imaging process in
order to inspect or even re-irradiate one or more cells.

The cell division detection module bases its application on the
cell appearance during the crucial division process. Cells obtain
amore distinct appearance that makes their detection easier even
in complex bright-field images. Their condensed material pro-
vides a highly textured view that produces a high number of more
closely located corners than that of the adherent cells prior to
cytokinesis. This texture gives a sharp increase in corner density,

Frontiers in Oncology | www.frontiersin.org

January 2016 | Volume 5 | Article 305


http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org

Georgantzoglou et al.

Particle Microbeam Clonogenic Survival Assessment

Corners per 100 pixels
S

35 b
3 - -
251 *  Density T
Fitted Curve ®
2 L L L I | | | 1

0 20 40 60 80 100 120 140 160 180
Time (min)

FIGURE 7 | Plot of corner density with time, for a dividing cell and one
of its daughter cells. In early mitosis, the corner density increases
substantially (t = 50-80 min) since the cell becomes round with high-
frequency internal details. At the cytokinesis stage, the density drops while,
post-mitosis (t = 140 min), the density drops to non-dividing value because

the cell expands.

indicating a possible site of division. The division is confirmed by
the sharp decrease of the eccentricity value: cell shape approxi-
mates an ellipsis or even circle and eccentricity approaches a value
close to 0.

REFERENCES

1. Durante M, Loefller JS. Charged particles in radiation oncology. Nat Rev Clin
Oncol (2010) 7(1):37-43. doi:10.1038/nrclinonc.2009.183

2. Carabe A, Moteabbed M, Depauw N, Schuemann J, Paganetti H. Range
uncertainty in proton therapy due to variable biological effectiveness. Phys
Med Biol (2012) 57(5):1159-72. do0i:10.1088/0031-9155/57/5/1159

3. Guan E Bronk L, Titt U, Lin SH, Mirkovic D, Kerr MD, et al. Spatial mapping
of the biologic effectiveness of scanned particle beams: towards biologically
optimized particle therapy. Sci Rep (2015) 5:9850. doi:10.1038/srep09850

4. FrankenNAP,Rodermond HM, Stap ], Haveman J,van Bree C. Clonogenicassay
of cells in vitro. Nat Protoc (2006) 1(5):2315-9. doi:10.1038/nprot.2006.339

5. Munshi A, Hobbs M, Meyn RE. Clonogenic cell survival assay. In: Blumenthal
RD, editor. Chemosensitivity: Volume 1 In vitro Assays. Totowa, NJ: Humana
Press (2005). p. 21-8.

6. Riquier H, Wera AC, Heuskin AC, Feron E, Lucas S. Comparison of X-ray
and alpha particle effects on a human cancer and endothelial cells: survival
curves and gene expression profiles. Radiother Oncol (2013) 106(3):397-403.
doi:10.1016/j.radonc.2013.02.017

7. Joiner MC. Quantifying cell kill and cell survival. In: Joiner MC, van der Kogel
A, editors. Basic Clinical Radiobiology. 4th ed. Boca Raton, FL: CRC Press
(2009). p. 41-55.

8. Joiner MC, Marples B, Lambin P, Short SC, Turesson I. Low-dose hypersen-
sitivity: current status and possible mechanisms. Int J Radiat Oncol (2001)
49(2):379-89. doi:10.1016/S0360-3016(00)01471-1

9. Wéra AC, Heuskin AC, Riquier H, Michiels C, Lucas S. Low-LET proton irra-
diation of A549 non-small cell lung adenocarcinoma cells: dose response and
RBE determination. Radiat Res (2013) 179(3):273-81. doi:10.1667/RR3008.1

10. Short SC, Joiner MC. Cellular response to low-dose irradiation. Clin Oncol
(1998) 10(2):73-7. doi:10.1016/S0936-6555(05)80480-7

CONCLUSION

A new method for clonogenic survival assay using high-LET
microbeam radiation was proposed. The low probability of cell
survival post-irradiation with high-LET particles shifted the
clonogenic potential from colony formation to successful divi-
sion of the progeny of irradiated cells and assessment of mitotic
catastrophe. Cell tracking in bright-field illumination time-lapse
images may provide a mechanism for high-throughput assess-
ment of radiation response using stable cell-culture of patient-
derived material.

AUTHOR CONTRIBUTIONS

All authors contributed to the revision and the approval, and
agreed with this work. AG contributed to the conception and
initiated this work, MM contributed to the conception of this
work and performed image acquisitions, JJ performed cell dish
preparation and imaging, NM performed cell dish preparation,
NP and RB assisted in image acquisition while R] had the overall
overview of this work.

ACKNOWLEDGMENTS

The authors would like to acknowledge the financial support of
the EC Marie Curie ITN ENTERVISION Grant Agreement No
264552 (AG). The authors would also like to thank the Bioimaging
and Flow Cytometry Core Facility, University of Surrey, for giving
them the opportunity to perform crucial experiments for this
research.

11.

12.

13.

14.

15.

16.

17.

19.

Scholz M, Kellerer AM, Kraft-Weyrathe W, Kraft G. Computation of cell
survival in heavy ion beams for therapy. The model and its approximation.
Radiat Environ Biophys (1997) 36(1):59-66. doi:10.1007/s004110050055
Scholz M, Elsésser T. Biophysical models in ion beam radiotherapy. Adv Space
Res (2007) 40(9):1381-91. doi:10.1016/j.as1r.2007.02.066

Elsdsser T, Weyrather WK, Friedrich T, Durante M, Iancu G, Krdmer M, et al.
Quantification of the relative biological effectiveness for ion beam radiother-
apy: direct experimental comparison of proton and carbon ion beams and a
novel approach for treatment planning. Int ] Radiat Oncol Biol Phys (2010)
78(4):1177-83. doi:10.1016/.ijrobp.2010.05.014

Barendsen GW, Walter HMD, Fowler JE Bewley DK. Effects of different
ionizing radiations on human cells in tissue culture: III. Experiments with
cyclotron-accelerated alpha-particles and deuterons. Radiat Res (1963)
18(1):106-19. doi:10.2307/3571430

Folkard M, Prise KM, Vojnovic B, Davies S, Roper MJ, Michael BD. The irra-
diation of V79 mammalian cells by protons with energies below 2 MeV. Part
I: experimental arrangement and measurements of cell survival. Int ] Radiat
Biol (1989) 56(3):221-37. doi:10.1080/09553008914551401

Milligan JR, Aguilera JA, Paglinawan RA, Ward JE Limoli CL. DNA strand
break yields after post-high LET irradiation incubation with endonucle-
ase-III and evidence for hydroxyl radical clustering. Int ] Radiat Biol (2001)
77(2):155-64. doi:10.1080/09553000010013445

Fournier C, Zahnreich S, Kraft D, Friedrich T, Voss KO, Durante M, et al.
The fate of a normal human cell traversed by a single charged particle. Sci Rep
(2012) 2:643. doi:10.1038/srep00643

. Cui X, Oonishi K, Tsujii H, Yasuda T, Matsumoto Y, Furusawa Y, et al. Effects of

carbon ion beam on putative colon cancer stem cells and its comparison with
X-rays. Cancer Res (2011) 71(10):3676-87.doi:10.1158/0008-5472.CAN-10-2926
Oonishi K, Cui X, Hirakawa H, Fujimori A, Kamijo T, Yamada S, et al.
Different effects of carbon ion beams and X-rays on clonogenic survival and

Frontiers in Oncology | www.frontiersin.org

January 2016 | Volume 5 | Article 305


http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://dx.doi.org/10.1038/nrclinonc.2009.183
http://dx.doi.org/10.1088/0031-9155/57/5/1159
http://dx.doi.org/10.1038/srep09850
http://dx.doi.org/10.1038/nprot.2006.339
http://dx.doi.org/10.1016/j.radonc.2013.02.017
http://dx.doi.org/10.1016/S0360-3016(00)01471-1
http://dx.doi.org/10.1667/RR3008.1
http://dx.doi.org/10.1016/S0936-6555(05)80480-7
http://dx.doi.org/10.1007/s004110050055
http://dx.doi.org/10.1016/j.asr.2007.02.066
http://dx.doi.org/10.1016/j.ijrobp.2010.05.014
http://dx.doi.org/10.2307/3571430
http://dx.doi.org/10.1080/09553008914551401
http://dx.doi.org/10.1080/09553000010013445
http://dx.doi.org/10.1038/srep00643
http://dx.doi.org/10.1158/0008-5472.CAN-10-2926

Georgantzoglou et al.

Particle Microbeam Clonogenic Survival Assessment

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

DNA repair in human pancreatic cancer stem-like cells. Radiother Oncol
(2012) 105(2):258-65. doi:10.1016/j.radonc.2012.08.009

Niemantsverdriet M, van Goethem MJ, Bron R, Hogewerf W, Brandenburg S,
Langendijk JA, et al. High and low LET radiation differentially induce normal
tissue damage signals. Int J Radiat Oncol (2011) 83(4):1291-7. doi:10.1016/j.
ijrobp.2011.09.057

Weéra AC, Riquier H, Heuskin AC, Michiels C, Lucas S. In vitro irradiation
station for broad beam radiobiological experiments. Nucl Instrum Meth B
(2011) 269(24):3120-4. d0i:10.1016/j.nimb.2011.04.104

Prise KM, Schettino G. Microbeams in radiation biology: review and critical
comparison. Radiat Prot Dosimetry (2011) 143(2-4):335-9. doi:10.1093/rpd/
ncq388

Heiss M, Fischer BE, Jakob B, Fournier C, Becker G, Taucher-Scholz G.
Targeted irradiation of mammalian cells using a heavy-ion microprobe.
Radiat Res (2006) 165(2):231-9. doi:10.1667/RR3495.1

Hable V, Greubel C, Bergmaier A, Reichart P, Hauptner A, Krucken R, et al.
The live cell irradiation and observation setup at SNAKE. Nucl Instrum Meth
B (2009) 267(12-13):2090-7. d0i:10.1016/j.nimb.2009.03.071

Prise KM, Schettino G, Folkard M, Held KD. New insights on cell death
from radiation exposure. Lancet Oncol (2005) 6(7):520-8. doi:10.1016/
$1470-2045(05)70246-1

Barberet P, Vianna F, Karamitros M, Brun T, Gordillo N, Moretto P, et al. Monte-
Carlo dosimetry on a realistic cell monolayer geometry exposed to alpha parti-
cles. Phys Med Biol (2012) 57(8):2189-207. doi:10.1088/0031-9155/57/8/2189
Lomax ME, Folkes LK, O’Neill P. Biological consequences of radiation-induced
DNA damage: relevance to radiotherapy. Clin Oncol (2013) 25(10):578-85.
doi:10.1016/j.clon.2013.06.007

Gulston M, de Lara C, Jenner T, Davis E, O’'Neill P. Processing of clustered
DNA damage generates additional double-strand breaks in mammalian cells
post-irradiation. Nucleic Acids Res (2004) 32(4):1602-9. doi:10.1093/nar/
gkh306

Puck T'T, Marcus PI. Action of X-rays on mammalian cells. ] Exp Med (1956)
103:653-66. doi:10.1084/jem.103.5.653

Merchant MJ, Jeynes JCG, Grime GW, Palitsin V, Tullis IDC, Barber P, et al. A
focused scanning vertical beam for charged particle irradiation of living cells
with single counted particles. Radiat Res (2012) 178(3):182-90. doi:10.1667/
RR2847.1

Jeynes JCG, Merchant MJ, Barazzuol L, Barry M, Guest D, Palitsin
VV, et al. “Broadbeam” irradiation of mammalian cells using a vertical
microbeam facility. Radiat Environ Biophys (2013) 52(4):13-21. doi:10.1007/
s00411-013-0487-4

Flaccavento G, Folkard M, Noble JA, Prise KM, Vojnovic B. Substrate evalu-
ation for a microbeam endstation using unstained cell imaging. Appl Radiat
Isot (2009) 67(3):460-3. doi:10.1016/j.apradiso.2008.06.017

Georgantzoglou A, Merchant MJ, Jeynes JCG, Wéra AC, Kirkby K],
Kirkby NE et al. Automatic cell detection in bright-field microscopy for
microbeam irradiation studies. Phys Med Biol (2015) 60(15):6289-304.
doi:10.1088/0031-9155/60/16/6289

Folkard M, Vojnovic B, Prise KM, Bowey AG, Locke RJ, Schettino G, et al.
A charged-particle microbeam: I. Development of an experimental system
for targeting cells individually with counted particles. Int ] Radiat Biol (1997)
72(4):375-85. doi:10.1080/095530097143158

Maeda M, Usami N, Kobayashi K. Low-dose hypersensitivity in nucleus-
irradiated V79 cells studied with synchrotron X-ray microbeam. J Radiat Res
(2008) 49(2):171-80. doi:10.1269/jrr.07093

Schettino G, Folkard M, Prise KM, Vojnovic B, Bowey AG, Michael BD. Low-
dose hypersensitivity in Chinese hamster V79 cells targeted with counted pro-
tons using a charged-particle microbeam. Radiat Res (2001) 156(5):526-34.
doi:10.1667/0033-7587(2001)156%5B0526: LDHICH%5D2.0.CO;2

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Konishi T, Oikawa M, Suya N, Ishikawa T, Maeda T, Kobayashi A, et al.
SPICE-NIRS microbeam: a focused vertical system for proton irradiation of
a single cell for radiobiological research. | Radiat Res (2013) 54(4):736-47.
doi:10.1093/jrr/rrs132

Bigelow AW, Ross GJ, Randers-Pehrson G, Brenner DJ. The Columbia
University microbeam II endstation for cell imaging and irradiation. Nucl
Instrum Meth B (2005) 231(1-4):202-6. doi:10.1016/j.nimb.2005.01.057
Gault N, Rigaud O, Poncy JL, Lefaix JL. Biochemical alterations in human cells
irradiation with o particles delivered by macro- or microbeams. Radiat Res
(2007) 167(5):551-62. doi:10.1667/RR0684.1

Seyland C, Hassfjellb SP, Steen HB. A new alpha-particle irradiator with
absolute dosimetric determination. Radiat Res (2000) 153(1):9-15. doi:10.1
667/0033-7587(2000)153%5B0009: ANAPIW %5D2.0.CO;2

Seyland C, Hassfjell SP. A novel 210Po-based a-particle irradiator for radiobi-
ological experiments with retrospective a-particle hit per cell determination.
Radiat Environ Biophys (2000) 39(2):125-30. d0i:10.1007/s004110000050
Altman MB, Wang SJ, Whitlock JL, Roeske JC. Cell detection in phase-contrast
images used for alpha-particle track-etch dosimetry: a semi-automated
approach. Phys Med Biol (2005) 50(2):305-18.d0i:10.1088/0031-9155/50/2/009
Veselov O, Polak W, Ugenskiene R, Lebed K, Lekki ], Stachura Z, et al.
Development of the IFJ single ion hit facility for cell irradiation. Radiat Prot
Dosimetry (2006) 122(1-4):316-19. doi:10.1093/rpd/ncl437

Roeske JC, Seoyland C, Wang S]J, Stinchcomb TG, Hassfjell SP, Whitlock JL,
et al. Image processing tools for alpha-particle track-etch dosimetry. Cancer
Biother Radiopharm (2003) 18(3):425-30. doi:10.1089/108497803322285170
Agero U, Monken CH, Ropert C, Gazzinelli RT, Mesquita ON. Cell surface
fluctuations studied with defocusing microscopy. Phys Rev E Stat Nonlin Soft
Matter Phys (2003) 67(5). doi:10.1103/PhysRevE.67.051904

Harris C, Stephens M. A combined corner and edge detector. Proceedings of
the 4th Alvey Vision Conference. Manchester: The British Machine Vision
Association (1988). p. 147-51.

Crocker JC, Hoffman BD. Multiple-particle tracking and two-point micror-
heology in cells. In: Wang YL, Discher DE, editors. Cell Mechanics. 1st ed.
Amsterdam: Elsevier/Academic Press (2007). p. 141-78.

Edelsbrunner H, Kirkpatrick DG, Seidel R. On the shape of a set of points
in the plane. IEEE Trans Inf Theory (1983) 29(4):551-9. doi:10.1109/
TIT.1983.1056714

Plissiti ME, Nikou C, Charchanti A. Combining shape, texture and intensity
features for cell nuclei extraction in Pap smear images. Pattern Recognit Lett
(2011) 32(6):838-53. doi:10.1016/j.patrec.2011.01.008

Demuth T, Hopf NJ, Kempski O, Sauner D, Herr M, Giese A, et al. Migratory
activity of human glioma cell lines in vitro assessed by continuous single
cell observation. Clin Exp Metastasis (2000) 18(7):589-97. doi:10.102
3/A:1011927004307

Geard CG. Initial changes in cell cycle progression of Chinese hamster V-79
cells induced by high-LET charged particles. Radiat Res (1980) 83(3):696-709.
doi:10.2307/3575349

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Georgantzoglou, Merchant, Jeynes, Mayhead, Punia, Butler
and Jena. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Oncology | www.frontiersin.org

January 2016 | Volume 5 | Article 305


http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://dx.doi.org/10.1016/j.radonc.2012.08.009
http://dx.doi.org/10.1016/j.ijrobp.2011.09.057
http://dx.doi.org/10.1016/j.ijrobp.2011.09.057
http://dx.doi.org/10.1016/j.nimb.2011.04.104
http://dx.doi.org/10.1093/rpd/ncq388
http://dx.doi.org/10.1093/rpd/ncq388
http://dx.doi.org/10.1667/RR3495.1
http://dx.doi.org/10.1016/j.nimb.2009.03.071
http://dx.doi.org/10.1016/S1470-2045(05)70246-1
http://dx.doi.org/10.1016/S1470-2045(05)70246-1
http://dx.doi.org/10.1088/0031-9155/57/8/2189
http://dx.doi.org/10.1016/j.clon.2013.06.007
http://dx.doi.org/10.1093/nar/gkh306
http://dx.doi.org/10.1093/nar/gkh306
http://dx.doi.org/10.1084/jem.103.5.653
http://dx.doi.org/10.1667/RR2847.1
http://dx.doi.org/10.1667/RR2847.1
http://dx.doi.org/10.1007/s00411-013-0487-4
http://dx.doi.org/10.1007/s00411-013-0487-4
http://dx.doi.org/10.1016/j.apradiso.2008.06.017
http://dx.doi.org/10.1088/0031-9155/60/16/6289
http://dx.doi.org/10.1080/095530097143158
http://dx.doi.org/10.1269/jrr.07093
http://dx.doi.org/10.1667/0033-7587(2001)156%5B0526:LDHICH%5D2.0.CO;2
http://dx.doi.org/10.1093/jrr/rrs132
http://dx.doi.org/10.1016/j.nimb.2005.01.057
http://dx.doi.org/10.1667/RR0684.1
http://dx.doi.org/10.1667/0033-7587(2000)153%5B0009:ANAPIW%5D2.0.CO;2
http://dx.doi.org/10.1667/0033-7587(2000)153%5B0009:ANAPIW%5D2.0.CO;2
http://dx.doi.org/10.1007/s004110000050
http://dx.doi.org/10.1088/0031-9155/50/2/009
http://dx.doi.org/10.1093/rpd/ncl437
http://dx.doi.org/10.1089/108497803322285170
http://dx.doi.org/10.1103/PhysRevE.67.051904
http://dx.doi.org/10.1109/TIT.1983.1056714
http://dx.doi.org/10.1109/TIT.1983.1056714
http://dx.doi.org/10.1016/j.patrec.2011.01.008
http://dx.doi.org/10.1023/A:1011927004307
http://dx.doi.org/10.1023/A:1011927004307
http://dx.doi.org/10.2307/3575349
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Applications of High-Throughput Clonogenic Survival Assays in 
High-LET Particle Microbeams
	Introduction
	Clonogenic Survival Assay
	Basic Principles
	Radiobiological Models
	Cell Survival Studies with High-LET Radiation
	Drawbacks of Existing Method

	Clonogenic Survival Assay Using High-let Microbeam Irradiation
	Microbeams in Radiobiology
	Rationale of High-LET Clonogenic Survival
	Surrey Vertical Microbeam and Secondary Microscope
	Principles of Suggested Method
	Dish Preparation
	Cell Imaging
	Cell Detection in Bright-Field Microscopy
	Cell Tracking and Division Detection 
in Bright-Field Microscopy
	Evaluation of Clonogenic Potential


	Validation of Proposed Method
	Cell Detection
	Cell Tracking and Cell Division Detection

	Discussion
	Conclusion
	Author Contributions
	Acknowledgments
	References


