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Laser-driven electron accelerators are capable of producing
high-energy electron bunches in shorter distances than conven-
tional radiofrequency accelerators. To date, our knowledge of
the radiobiological effects in cells exposed to electrons using a
laser-plasma accelerator is still very limited. In this study, we
compared the dose-response curves for micronucleus (MN)
frequency and telomere length in peripheral blood lymphocytes
exposed to laser-driven electron pulse and X-ray radiations.
Additionally, we evaluated the effects on cell survival of in vitro
tumor cells after exposure to laser-driven electron pulse
compared to electron beams produced by a conventional
radiofrequency accelerator used for intraoperative radiation
therapy. Blood samples from two different donors were exposed
to six radiation doses ranging from 0 to 2 Gy. Relative biological
effectiveness (RBE) for micronucleus induction was calculated
from the alpha coefficients for electrons compared to X rays
(RBE = alpha laser/alpha X rays). Cell viability was monitored
in the OVCAR-3 ovarian cancer cell line using trypan blue
exclusion assay at day 3, 5 and 7 postirradiation (2, 4, 6, 8 and
10 Gy). The RBE values obtained by comparing the alpha
values were 1.3 and 1.2 for the two donors. Mean telomere
length was also found to be reduced in a significant dose-
dependent manner after irradiation with both electrons and X
rays in both donors studied. Our findings showed a radiobio-
logical response as mirrored by the induction of micronuclei
and shortening of telomere as well as by the reduction of cell
survival in blood samples and cancer cells exposed in vitro to
laser-generated electron bunches. Additional studies are needed
to improve preclinical validation of the radiobiological charac-
teristics and efficacy of laser-driven electron accelerators in the
future. © 2016 by Radiation Research Society

I Address for correspondence: CNR Institute of Clinical Physiol-
ogy, via Moruzzi 1, 56124 Pisa, Italy; email: mariagrazia.andreassi@
ifc.cnr.it.

245

INTRODUCTION

The field of electron acceleration driven by ultrashort
high-intensity laser pulses has undergone impressive
development over the past few years, now enabling fast
delivery of doses of medical interest with electron bunches
of energy from a few MeV up to a few tens or even
hundreds of MeV (/-10). The application of laser-driven
electron accelerators in radiotherapy is particularly appeal-
ing. Indeed, from a practical perspective, such a class of
novel ‘‘table-top” accelerators have a wealth of advantages
over conventional ones, mostly due to their reduced
footprint, leading, for instance, to less demanding radio-
protection requirements. Furthermore, they would allow
hundreds of MeV electron beams to be produced with
centimeter size ‘‘accelerator stages’”. Such high-energy
beams, which would penetrate very deep into tissue, may
represent great potential for the future of radiotherapy (4-6).
In particular, the output has already been shown to come
very close to that of conventional radiofrequency-driven
accelerators used for intraoperative radiation therapy
(IORT). However, before translating the usage of laser-
driven accelerators into clinical practice, one important
issue must be addressed, namely the radiobiological
effectiveness (RBE) of such ultrashort bunches relative to
electron beams by conventional radiofrequency LINACs.
Indeed, laser-generated electron bunches exhibit a bunch
duration of the order of the laser-driven pulse, namely of the
order of 10 femtosecond (fs) (/7). Such duration can be
safely estimated to remain at the ps level while the beam
travels to the cell sample/patient position. Considering that
the bunch charge is similar to the corresponding value from
a typical LINAC used in radiotherapy, instantaneous dose-
rate values of up to six orders of magnitude higher are easily
achieved in the case of laser-generated electron bunches.
DNA damage mediates many of the lethal effects of
radiations to cells. The main types of damage are base
damages, single-strand breaks (SSBs), double-strand breaks
(DSBs) and cluster damages. These types of damage may be
caused by a direct radiation effect when a primary or
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Sample position

FIG. 1. Schematic layout of the irradiation setup. ICT = integrating current transformer.

secondary radiation particle transfers energy to the DNA
molecule, or by an indirect radiation effect as result of water
ionization, forming free reactive oxygen species (free
radicals), which in turn damage the DNA (/2, 13).
Considering the duration of a typical laser-generated
electron bunch given above and comparing it to the time
scale of biological effects of radiation to cells, it may be
possible that due to the shortness of the pulses new
phenomena of radiation effects arise (/2, /3), ultimately
resulting in a change of RBE. The micronucleus assay in
peripheral blood lymphocytes (PBLs) is a well validated
experimental system in radiation biology (/4, 15). PBLs are
an ideal model for studying the effects of radiation on
chromosomal aberrations because they are naturally syn-
chronized in the G, phase of the cell cycle and,
consequently, all cells have a uniform radiosensitivity
(16). Recently, the evaluation of telomere shortening has
been suggested as a new biological indicator of radiation
exposure (/7).

The goal of the current study was to determine the dose-
response curve of micronucleus (MN) frequency and
telomere length of laser-driven electron pulse and X-ray
(reference dose) irradiations for PBLs. Additionally, we
evaluated the effects on cell survival after irradiation of in
vitro tumor cells with laser-driven electron pulses compared
to electron beams produced by a conventional radiofre-
quency accelerator for I[ORT.

MATERIALS AND METHODS
Blood Sampling

Whole blood was collected in both heparin and EDTA vials by
venipuncture from two healthy nonsmoking donors (male and female)
<30 years of age. A 12 ml blood sample was taken and divided into
six sterilized culture bottles with heparin anticoagulant.

To demonstrate reproducibility, three independent experiments using
human PBL exposed to laser-driven electrons and X rays (reference
dose) were performed during separated beam times. Both donors were
volunteers and both gave written informed consent for collection of a
small amount of blood for use in the in vitro experiments.

Ovarian Cancer Cells Culture and Experimental Design

The human cancer cell line OVCAR-3 was obtained from the
American Type Culture Collection (Manassas, VA). Cells were
cultured in RPMI 1640 media (Life Technologies, Grand Island, NY)
supplemented with 20% fetal bovine serum (Sigma-Aldrich®, Munich,
Germany), 100 U/ml penicillin/streptomycin (Invitrogen™, Carlsbad,
CA) and 0.01 mg/ml bovine insulin (Sigma-Aldrich) at 37°C and 5%
CO,. Exponentially growing cells were seeded three days before
irradiation in a T25 flask at the density of 0.7 X 10° cells/cm?. One day
before irradiation, the cell culture media was completely replaced. By
seeding cells in one side of the flask, an area of 5 X 5 cm? is covered
by the cell monolayer and positioned in the horizontal electron beam.
Immediately before irradiation, the cell samples were completely filled
up with culture media and finally closed with sterile Parafilm®. Cells
were irradiated at 2, 4, 6, 8 and 10 Gy. Experiments were repeated
three times during separated beam times to demonstrate reproducibil-
ity. Nonirradiated cell samples were prepared under the same
conditions as irradiated cells and were used as controls. Immediately
after irradiation cells were harvested from the 25 cm? culture flasks by
trypsinization and plated at a density of 1.8 X 10°, 1.2 X 10° and 0.8 X
10° cells per well in three 6-well plates and cultured at 37°C and 5%
CO, for 3, 5 and 7 days, respectively.

Laser-Accelerated Electron Irradiations

Irradiations were performed at the Intense Laser Irradiation
Laboratory (ILIL) of the National Institute of Optics of the CNR
(Pisa, Italy). Blood samples and OVCAR-3 cells were irradiated at
37°C. Nonirradiated cell samples were kept under the same conditions
as irradiated samples and were used as controls. DNA was extracted
within 72 h for subsequent leukocyte telomere length (LTL) analysis.
The electron bunches were produced by focusing the ILIL 10-TW
Ti:sapphire laser pulse into a N gas-jet target at an intensity of up to 8
X 10" W/cm?. The setup used for irradiation of the biological samples
is shown in Fig. 1. The laser-gas interaction and acceleration regimens
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were optimized by changing the laser focal spot longitudinal position
inside the gas-jet and the gas-backing pressure. A rather stable
regimen (exhibiting shot-to-shot fluctuations of the electron spectral
features and bunch charge limited to less than 10%) was found at a
backing pressure of 40 bar. Before samples were irradiated, a full
dosimetric characterization of the electron source was performed. In
particular, the electron spectrum and the bunch divergence were
measured using a magnetic spectrometer and a SHEEBA-like detector
(/8). Furthermore, the dose delivered to the biological samples was
retrieved by comparing experimental measurements, performed using
stacks of both Gafchromic™ films (type EBT3) and sheets of water-
equivalent RW3 material (PTW, Freiburg, Germany), to Monte Carlo
simulations (/9). It is worth noting that the use of conventional
dosimeters for the characterization of laser-generated electron bunches
continues to be the subject of ongoing studies, due to the ultrashort
duration and ultrahigh instantaneous dose rates potentially affecting
the fundamental processes underlying the detection mechanism in
possible unknown ways (20). In view of these considerations, the use
of Gafchromic films is, in fact, among the safest choices in the context
of radiobiology experiments with laser-generated bunches. For the
current studies, electron bunches with an exponential spectrum with
average energy of 1.5 MeV were employed. The electron bunch
divergence was measured at approximately 20° FWHM. The
biological samples were placed at a distance of approximately 15
cm from the electron source. The shot-to-shot fluctuations of the
bunch charge were monitored using an integrating current transformer
(Fig. 1). The estimated dose per laser shot on the samples was 60
mGy. As is known, an ultrashort electron bunch is gradually stretched
in time, due for instance to such phenomena as space-charge and/or
energy-dispersion effects. In our case, the bunch duration at the
biological sample position was estimated to be affected mostly by the
scattering that occurred inside the vacuum-air window (mylar, 50 mm
thick). Using Monte Carlo simulations based on the GEANT4 code
(which can provide time-of-flight tracking of each particle), this bunch
duration retrieved was of a few hundreds of femtoseconds. With this
value, an instantaneous dose rate of around 10''-10'? Gy/s can be
estimated on the samples, which is well beyond the dose rate of
conventional LINACs. Cumulative doses of up to 2 Gy were delivered
by summing up more laser shots at a repetition rate of 0.5 Hz. To
monitor the effective dose delivered to each sample, suitable stacks of
Gafchromic films were placed both upstream and downstream of each
sample dish. The error on the dose values measured in this way (due to
issues such as the individual Gafchromic film response calibration,
optical readout and comparison with Monte Carlo simulations) was
estimated to be of +5%.

X-Ray Irradiations

To compare the biological effectiveness of laser-accelerated
electrons with a reference radiation source, whole blood cells were
irradiated with absorbed doses in the same range of 0-2 Gy with 50
kV X rays at a dose rate of 94 Gy * 0.4 mGy/min using a
conventional nonpulsed X-ray tube (Apogee; Oxford Instruments,
Abingdon, UK). Dosimetric characterization of this setup was
performed using thermoluminescent dosimeters as previously reported
elsewhere (27). All X-ray irradiation were performed using the same
tubes that were used for the laser-driven electron accelerator
irradiation at the same temperature.

Intraoperative Radiation Therapy

A comparison of the biological effectiveness was also performed
with respect to conventional, LINAC-accelerated electron beams. The
NOVACT machine, routinely used for intraoperative radiation therapy
treatments at the S. Chiara Hospital of Azienda Ospedaliero-
Universitaria (Pisa, Italy), was used. In the operation mode used for
this study, the machine delivered 7 MeV electron beams with a 4-us
bunch duration at a 5 Hz repetition rate. The delivered dose was 13

cGy/pulse. A full dosimetric characterization of the machine used has
been previously reported by Righi ef al. (22).

Micronucleus Assay

After irradiation, 0.3 ml whole blood was mixed with 4.7 RPMI
1640 media, and the cultures were incubated at 37°C for 72 h.
Cytochalasin B (6 pg/ml) was added 44 h after culture initiation. Cells
were then harvested and fixed according to standard methods (/4, 15).
For each sample, 1,000 binucleated cells were scored under optical
microscope (final magnification 400X) for micronucleus analysis,
following the criteria for micronucleus acceptance (/4, 15). We
evaluated the MN frequency as the number of micronucleated cells per
1,000 cells (%o).

Leukocyte Telomere Length Analysis

Leukocyte telomere length was measured quantitatively in genomic
DNA using the quantitative real-time method, which measures the
relative LTL by determining the ratio of telomere repeat copy number
(T) to single copy gene (SG) copy number (T/S ratio) in experimental
samples relative to a reference sample (23). Genomic DNA was isolated
from peripheral blood leukocytes using the QTAGEN BioRobot® EZ1
System. Forward and reverse primer sequences for telomere and f-
globin gene (SG), PCR mix and thermal cycling profile have been
previously described (23). All PCRs were performed in triplicate on a
384-well CFX RT-PCR System (Bio-Rad Laboratories Inc., Hercules,
CA). Samples used to construct a standard curve for telomere and SG
DNAs in combination were included in each assay to evaluate
amplification efficiency and linearity. Relative telomere length was
calculated from: T/S ratio = 2°¢, where ACt = Ctomere — Clsc-

Cell Viability Exclusion Assay

The number of viable cells was assessed by the trypan blue (Sigma-
Aldrich) exclusion assay, according to the manufacturer’s protocols.
Briefly, after each incubation period, cells were harvested and an
aliquot of 100 pl cell suspension was incubated for 3 min at room
temperature with an equal volume of 0.4% trypan blue solution that
was prepared in buffered isotonic salt solution (Sigma-Aldrich). Cells
were counted using a Burker camera and viable and nonviable cells
were recorded. The number of unstained (alive) cells as well as blue-
colored (dead) cells were counted in 6 randomly selected fields at high
magnification (40X). Finally, the viable cell ratio was calculated based
on the following formula: viable cell ratio (%) = (unstained cell
number/total cells number) X 100.

Statistical Analysis

All experiments were repeated at least three times. The results were
expressed as mean * SE. Two-group comparisons were performed by
the unpaired Student’s ¢ test. Multiple comparisons were performed by
one-way analysis of variance (ANOVA) followed by a multiple
comparison test (Bonferroni test). Regression analysis was used to fit
all data to a linear-quadratic as well as linear model. Values of P <
0.05 were considered statistically significant.

RESULTS

Effectiveness of the Laser-Accelerated Electrons on
Micronucleus Frequency and LTL

The dose-response curves for micronuclei yield in PBLs
for each donor after irradiation with ~1.5 MeV electrons
and 50 kV X rays are shown in Fig. 2. The MN results
obtained for the first donor were comparable with those of
the second one. There was an increase of MN frequency
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FIG. 2. Micronuclei per 1,000 binucleated (BN) cells in normal human PBLs as a function of doses of laser-generated electrons and X rays. All
values are expressed as mean * SD of three independent experiments. Statistical differences were assessed for each dose compared to negative

control.

with dose. Specifically, MN frequency rates were signifi-
cantly higher than baseline from 0.2 (P = 0.0003) and 0.5
Gy (P =0.0002) irradiation for the first and second donors,
respectively. The resulting dose dependence for the effect Y
was fitted to the data with the linear dose-response model (Y
= ¢ + aD), where Y is the frequency of micronuclei cor-
responding to a radiation dose, D Gy, c is the background
MN frequency and the coefficient alpha represents the slope
of the linear dose-response curve. To compare the
effectiveness of the electron beam with X rays, the RBE
was also evaluated. RBE is the ratio of doses that achieve
the same biological effect for two radiation types. The RBE
values for micronucleus induction were calculated from the
alpha coefficients of the dose-response curves for electrons
relative to X rays (RBE = alpha laser/alpha X rays). The

resulting linear alpha coefficients and RBE are shown in
Table 1.

Mean telomere length was found to be reduced in a
significant dose-dependent manner after irradiation with
both electrons and X rays (Fig. 3). There was a statistically
significant difference in shortening of telomere length
among the laser- and X-ray-irradiated cells (Fig. 4).

Effectiveness of the Laser-Accelerated Electrons on Cell
Survival

Cell viability assay revealed that 6 and 8 Gy irradiation
inhibited the growth of ovarian cancer cells at 5 and 7 days
after laser-driven electron pulse exposures. Similarly, a 10
Gy dose inhibited the growth and proliferation of cancer



RADIOBIOLOGICAL EFFECTS OF ULTRASHORT LASER-DRIVEN ELECTRON ACCELERATORS

249

TABLE 1
Coefficients (+SEM) of Data Fitted to Y = ¢ + oD Linear Dose-Response Model for MN
Induction (MN/1,000%o) after Laser and X-Ray Irradiations for Two Donor Samples

RBE = alpha laser/

Y=c+ aD c a r alpha X rays
Donor 1
Laser 18 = 3.5 323 £38 0.974 1.3
X rays 7*1.6 244 £ 1.7 0.990
Donor 2
Laser 19 = 34 26.1 = 3.6 0.964 1.2
X rays 17 = 3.6 215 =38 0.941

cells at day 3, 5 and 7 postirradiation. No significant
difference was observed at 2 and 4 Gy doses (Fig. 5SA).

In the case of the conventional radiofrequency accelerator
for intraoperative radiotherapy, 8 and 10 Gy doses signif-
icantly inhibited cell growth on OVACR-3 cells after 5 and

7 days of incubation (Fig. 5B). Conversely, no significant
response was detected at radiation doses lower than 8 Gy.

Although no statistically significant differences were
observed, the OVCAR-3 cell line showed a trend toward
decreased viability after exposure to the laser-driven
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FIG. 3. Dose-response curve of telomere shortening in human PBLs in vitro irradiated with laser-generated
electrons and X rays. All values are expressed as mean *= SD of three independent experiments. Statistical
differences were assessed for each dose compared to negative control.
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FIG. 4. Telomere length distributions in PBLs after irradiation with laser-generated electrons and X rays. All
values are expressed as mean * SD of three independent experiments. Statistical differences were assessed for

each dose compared to negative control.

electron pulses compared to the conventional intraoperative
radiotherapy dedicated electron accelerator (Fig. 6).

DISCUSSION

In this study, laser-driven electron pulses were found to
be more effective in inducing micronuclei and telomere
shortening in human PBLs compared to 50 kV X rays.
Indeed, the results indicated that the MN frequency in PBLs
induced by electron radiation were higher when an
individual dose was compared with that of X rays.
Similarly, electrons appeared more effective in inducing
telomere shortening in PBLs. Moreover, findings from our
in vitro cell experiments showed a decreased cell survival
achieved by laser-accelerated pulse irradiation, suggesting a

radiobiological response similar or even higher that those
measured with the conventional clinical electron beams.
However, as trypan blue has been reported to underestimate
X-ray induced clonogenic death in human cancer cells, our
reported differences in high-energy electron versus X-ray
induced cell killing may actually be greater than reported
here. Further investigations will be required to test this
possibility (24, 25).

Our knowledge of DNA damage in cells after electron
irradiation delivered by a laser-plasma accelerator is still
very limited (/2, 13). Compared to conventionally acceler-
ated particle beams, the laser-driven beams are character-
ized by ultrashort (~ps) particle pulse (bunches) duration
with an ultrahigh instantaneous dose rate (~10"* Gy min').
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FIG. 6. Cell viability of OVCAR-3 at 7 days after irradiation with
laser-generated electrons and conventional intraoperative radiothera-
py-dedicated electron accelerator. Each point is the mean of three
independent experiments; bars represent the SD (P = 0.07 at 6 Gy).

The biological effectiveness of ionizing radiation is
dependent on the spatial pattern of the energy deposition
in nanometer volumes, particularly in DNA. DNA damage
results from either a direct deposition of energy or indirectly
via the action of free radicals. Among the various DNA
lesions, DSBs are known to be the principal lesion. If DSBs
are unrepaired or misrepaired, gene mutations, chromosom-
al aberrations or cell death can occur (26).

The temporal sequence of events that occurs in biological
systems in response to radiation includes primary radio-
chemical events (radical reactions), multiple biomolecular
damage (membrane and DNA lesions) and repair (/2, 13). It
is well understood that the physical steps leading to energy
deposition occur within 107'® s to 1072 s; at the end of the
physical phase, the chemical phase begins. During this
ovary latter phase, from 10 *~10? s, chemical radicals are
formed and diffusion takes place (/2). Therefore, in the case
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of a laser-induced ionizing radiation pulse in the range of
tens of femtoseconds, it is possible that the events of energy
deposition and events of temporal sequence may modify the
physical-chemical reactions within the cell.

For instance, if exposure time is very short, the biological
repair events, possibly affecting the MN yields, are very
remote (26). On the other hand, the energy deposition
during multiple pulsed irradiations may reduce radical—
radical interactions and favor more radical-DNA target
interactions, thus leading to higher MN frequencies (27).

Indeed, a recent study showed that the single and multiple
pulses of 7 MV electrons with varying dose rates per pulse
can have a substantial effect on the MN frequency in human
lymphocytes (27). However, other previous studies of X
rays or electrons using nanosecond or picosecond pulsed
irradiations in various mammalian cells and radiosensitive
mutants showed no significant difference in radiobiological
effects compared with a delivery at a conventional dose rate
(28-30).

Recently, proof-of-principle experiments with laser-driv-
en protons or electrons have also been published and in
agreement with our data, these studies showed that these
beams are able to generate DNA damage breaks (37-33).
Finally, several groups have recently reported on in vitro
studies evaluating the radiobiological effectiveness of laser
accelerated electrons (34) and protons (35-38) relative to
conventional accelerated particle beams. Altogether, these
studies have shown no significant differences in the
radiobiological response of laser-driven particle beams
compared to conventional accelerated particle beams (34—
37).

In conclusion, with rapidly evolving laser technology,
specialized groups are exploring the biological effects of
laser-driven particle beams. In particular, it has been found
that the radiation dose deposited by very-high-energy
electron beams in deep tissue is higher. This could be of
potential clinical benefit for targeting deep tumors, as well
as improving dose distribution and minimizing the dose
burden in healthy tissue (4-6). However, the biological
characteristics of laser-accelerated electrons need to be
determined and compared to those of established treatment
protocol before any medical applications can be considered.
Our data show a radiobiological response, reflected by the
induction of MN and shortening of telomere in PBLs, as
well as by the reduction in survival of cancer cells after
irradiation in vitro with laser-generated electrons.

These experiments serve as a benchmark for improving
preclinical validation of radiobiological characteristics and
efficacy of laser-driven electron accelerators in the future.
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