
Cancer radiotherapy based on femtosecond IR
laser-beam filamentation yielding ultra-high
dose rates and zero entrance dose
Ridthee Meesata,b, Hakim Belmouaddinea, Jean-François Allarda, Catherine Tanguay-Renauda, Rosalie Lemaya,
Tiberius Brastaviceanua, Luc Tremblaya, Benoit Paquettea, J. Richard Wagnera, Jean-Paul Jay-Gerina,
Martin Lepagea, Michael A. Huelsa, and Daniel Houdea,1

aDépartement de Médecine Nucléaire et de Radiobiologie, Faculté de Médecine et des Sciences de la Santé, Université de Sherbrooke, Sherbrooke, QC,
Canada J1H 5N4; and bDepartment of Applied Radiation and Isotope, Faculty of Sciences, Kasetsart University, Bangkok 10900, Thailand

Edited by Thomas Orlando, Georgia Institute of Technology, Atlanta, GA, and accepted by the Editorial Board July 27, 2012 (received for review October
3, 2011)

Since the invention of cancer radiotherapy, its primary goal has
been tomaximize lethal radiation doses to the tumor volumewhile
keeping the dose to surrounding healthy tissues at zero. Sadly,
conventional radiation sources (γ or X rays, electrons) used for dec-
ades, including multiple or modulated beams, inevitably deposit
the majority of their dose in front or behind the tumor, thus dama-
ging healthy tissue and causing secondary cancers years after treat-
ment. Even themost recent pioneering advances in costly proton or
carbon ion therapies can not completely avoid dose buildup in
front of the tumor volume. Here we show that this ultimate goal
of radiotherapy is yet within our reach: Using intense ultra-short
infrared laser pulses we can now deposit a very large energy dose
at unprecedented microscopic dose rates (up to 1011 Gy∕s) deep
inside an adjustable, well-controlled macroscopic volume, without
any dose deposit in front or behind the target volume. Our infrared
laser pulses produce high density avalanches of low energy elec-
trons via laser filamentation, a phenomenon that results in a spa-
tial energy density and temporal dose rate that both exceed by
orders of magnitude any values previously reported even for the
most intense clinical radiotherapy systems. Moreover, we show
that (i) the type of final damage and its mechanisms in aqueous
media, at the molecular and biomolecular level, is comparable to
that of conventional ionizing radiation, and (ii) at the tumor tissue
level in an animal cancer model, the laser irradiationmethod shows
clear therapeutic benefits.

biophotonic ∣ femtosecond laser ∣ radiobiology ∣ radiation sciences

Radiation therapy is the most widely used modern cancer treat-
ment and continues to play an irreplaceable role in the man-

agement of a vast array of potentially curable malignancies (1).
Many of the most recent advances in conventional radiation
therapy have derived from innovations, and technology and en-
gineering developments, of three-dimensional computer imaging
techniques (2). These advances have led to sophisticated radia-
tion therapy methods such as intensity-modulated radiation
therapy (IMRT) (3) and many others. As with all advances in ra-
diation therapy, the final goal of these technology improvements
is to deliver the highest possible energy dose to the tumor volume
while sparing surrounding normal tissues. This is the most impor-
tant challenge to modern radiotherapy because all high-energy
photons or electrons used in the clinic result in a dominant
entrance dose in front of the tumor and a nonnegligible exit dose
behind it (Fig. 1D) (4). Proton and heavy ion beams (mainly car-
bon beams) have a much more desirable dose deposition patterns
for the individual particle trajectories (5). However, even here the
entrance dose in healthy tissue of the actual therapeutic many-
particle beams used on patients is about 20–70% of the dose in
the “spread out Bragg peak” placed in the tumor volume (Fig. 1D)
(5). While such results are certainly an improvement on radiation
therapy using X or γ rays, the very high costs of proton or carbon

ion beam irradiation facilities, however, drastically limits their
widespread clinical availability (6). The unwanted irradiation of
healthy tissue surrounding tumors may not only lead to secondary
cancers in young patients (3), but it more importantly constrains
clinicians to optimize radiation doses according to the overall
tolerance of the healthy tissue rather than giving a therapeutic high
dose allowing the elimination of all cancer cells. Moreover, irra-
diating healthy tissue near tumors promotes invasion and migra-
tion of cancer cells, leading to metastasis. Thus, it is the utmost
challenge to develop a novel irradiation method, or source, with
much more advantageous dose distribution properties that allow
us to avoid damage to healthy tissue surrounding the malignant
tumors. Such improvement to radiation therapy has, as its ultimate
goal, to deposit the highest possible dose of spatially concentrated
energy density (so far only from ionizing radiation), at the highest
possible temporal dose rate (mainly to overload the tumor’s cel-
lular repair mechanisms), exclusively to the tumor volume, while
leaving the surrounding healthy tissue in a pristine and undamaged
state as the so-called “dream beam” (Fig. 1D). Moreover, the dose
delivered to a specific volume inside the medium, or organism,
must be controllable in both space and time to cover the entire
range of tumor extent or response to such energy depositions.

While numerous biomedical applications of ultra-fast lasers
have been established (7), they are not used for radiotherapy
of tumors that reside macroscopic distances inside human tissue.
This is of interest, because, e.g., many of the modern, long wave-
length high power lasers can deliver high energy density pulses
(i.e., doses and dose rates), which in principle surpass any clinical
radiation sources. Thus, some of the fundamental questions that
arise naturally from this fact are (i) Can lasers, non-linear optics,
and near visible photons (IR, visible) be used to somehow gen-
erate a true radio-therapeutic effect, not upon entry in the tissue,
but a macroscopic distance within a tissue? and (ii) Can IR lasers
in particular, which emit non-ionizing radiation, replace ionizing
radiation (viz radioactive materials) in some cancer treatments?
In other words: Can nonlinear energy deposition of laser light be
adapted to circumvent the main fundamental problem of dose
distribution upon tissue entry that persistently plagues modern
radiation therapy using ionizing radiation. Nonlinear energy
deposition can occur during the propagation of a powerful
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femtosecond laser pulse in a medium such as water, when the
intensity of the light is sufficiently high so that its electromagnetic
field will strongly perturb and change the optical properties of the
medium. Some phenomena related to nonlinear laser interaction
are already used in cancer treatments—e.g., two-photon photo-
dynamic therapy (8, 9).

Here, we propose that the main problem of radiotherapy (i.e.,
the undesirable dose distribution upon tissue entry) can be solved
by a nonlinear photonic process called filamentation (10, 11).
This process is related to the self-focusing of an intense laser
pulse, induced by the Kerr effect, counterbalanced by defocusing
induced by subsequent laser-plasma interactions. The Kerr effect
is characterized by a nonlinear change in the refractive index of
a medium (e.g., water), which varies proportionately with the
square of the electric field strength. Applied to intense laser
pulses with Gaussian intensity profiles, this local, nonlinear
change of refractive index acts as a convex lens and results in in-
tense self-focusing of the laser beam along its propagation axis.
Thus, after some propagation distance, the laser intensity be-
comes so high that it overcomes the thresholds for both multi-
photon ionization and the tunnel effect, creating free electrons.
Especially in a medium with a density close to water, these first
events of ionization are followed by the inverse Bremsstrahlung
effect (10, 11), in which the free electrons are accelerated in the
laser’s strong field until they reach the ionization threshold of
water molecules, thus producing further free electrons, with
low kinetic energies below the ionization threshold. As a result,
this high-density avalanche of low-energy free electrons (up to
1018 electrons∕cm3) generates a local plasma (12). The interac-
tion of the laser light with the highly defocusing environment
created by this plasma will now diverge the laser beam, such that
the resulting decrease in light intensity will arrest the process of
plasma generation, thus allowing the laser pulse to undergo self-
focusing again at a slightly different position along the lase pulse
propagation axis. This dynamic equilibrium between Kerr-effect
self-focusing and plasma-induced defocusing continues as long
as the laser pulse intensity, which slowly decreases due to such
energy transfers to the medium, is sufficiently high to allow the
appearance of such nonlinear processes such as the Kerr effect.
The two counterbalanced processes keep the filament core inten-
sity almost constant below the optical breakdown threshold,
yielding a self-regulated generation of spatially homogenous low-
density plasma spots along the laser-beam propagation axis. This
kind of plasma makes it possible to produce a high rate of ioniza-
tions in the heart of such filaments, while minimizing thermo-
mechanical effects related to “hot” high-density plasmas (bubble
formation, shock wave emission and transient cavitation due to

optical breakdown) (13–16). These ionizing properties of laser
induced filamentation are thus proposed here to give rise to
changes in the medium that are equivalent to conventional ioniz-
ing radiation used in radiotherapy. Indeed, conventional high
energy ionizing radiation, such as X or γ rays, generates radicals,
ions, and secondary electrons as it travels through biological
systems. The majority of secondary electrons generated are low
energy electrons (LEEs) with energies below 20 eV (5 × 104

electrons per MeV) (17), which in themselves are genotoxic (18).
In living tissue, the interaction of conventional ionizing radiation
with water leads to the production of highly reactive and unstable
free radicals, or reactive oxygen species (ROS), and is responsible
for a large part of the deleterious effects of radiation because
these radicals and ROS react with the cellular DNA, thereby pro-
ducing mutations and cell death. As we show here, IR laser-pulse-
induced filamentation produces the same reactive species as the
radiolysis of water by ionizing radiation (see below). Further-
more, the potential usefulness of low-density plasma generation
for radiobiological purposes has already been highlighted (13,
19–21). More importantly, as we show here, the filamentation
process has the advantage of allowing large energy depositions,
not upon entry in the medium but deep inside a well-controlled
macroscopic volume, because the depth at which filamentation
begins and ends within a material is regulated by the laser pulse
parameters (duration, energy, and focus geometry) that are con-
trolled by the operator. Thus, we propose IR-laser-induced fila-
mentation as a unique tool for radiotherapeutic applications with
a zero dose upon entry into the irradiated medium.

Here, as in all applications of nonlinear photonics processes in
biomedical fields, the future challenge remains the propagation
of femtosecond laser pulses in the light scattering inhomoge-
neous human tissue (22, 23). Given some promising recent break-
throughs (24–29), our future work will focus on gaining a detailed
understanding of laser-tissue interactions before we can apply
laser filamentation in clinical radiotherapy of human cancers
to avoid either under-treatment of tumor tissue or damage to
healthy tissue.

Results and Discussion
Dosimetry of Filamentation.We report that filamentation, produced
by intense, ultra-short infrared laser pulses (pulse duration was
100 fs; pulse energy was 0.3 mJ∕pulse; repetition rate was 1 kHz;
the central wavelength was 800 nm) can be used to produce a
high density of chemical reactions induced by free electrons and
ROS through low-density plasma generation. This yields a dose
deposit with a high rate at a macroscopic distance inside a well-
controlled macroscopic volume. As seen in Fig. 1 A and B, the

Fig. 1. Photographs of containers filled with optically transparent radiologically tissue-equivalent polymer gel dosimeter and irradiated with fs laser pulses
(approximately 400 μm × 400 μm) to draw the logo of Université de Sherbrooke (A) top view and (B) side view. The entrance dose was effectively zero up to a
certain depth, which in Bwas wavemodulated (yellow arrows) by changing the laser pulse duration (input beam from the right of the container) to show depth
control of the zero dose region before the target volume in which filamentation occurs. The length of the filamentation tracks—i.e., their end—is controlled in
part by the physical geometry of the optics (e.g., lenses) as well as the energy (intensity) per laser pulse at a given pulse width, ceteris paribus, for laser pulse
energies above filamentation threshold and below dielectric breakdown (10, 11). In C, the polymer gel was irradiated with X-rays (150 kVp) from a clinical X-ray
therapy system (Therapax HF150T) at 1, 2, and 3 Gy and clearly shows that the deposited dose is maximum upon “tissue entry” (blue arrows). D is a comparison
of depth-dose distributions of various conventional radiation modalities related to radiation therapy.
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most striking feature of our dose deposition profile is the complete
absence of an entrance dose (meaning no damage to healthy tissue
in front of the tumor), a characteristic that still eludes conven-
tional radiation sources used for cancer therapy, as clearly seen
in Fig. 1C. The objective of our contribution here is to demon-
strate (i) the radiation-chemical and radiobiological equivalence
of IR laser filamentation to ionizing radiation in liquid or tissue
equivalent liquid media, and (ii) the potential curative utility of
femtosecond laser irradiation in an animal breast cancer model.

Firstly, the macroscopic dose rate of the laser induced filamen-
tation process was determined by two different chemical dosi-
meters (see SI Text); secondly, the spatial dose distribution, and
hence the microscopic energy density and dose rate, of the laser-
induced filamentation process was captured by an optically
transparent polymer gel dosimeter and visualized by magnetic re-
sonance imaging (MRI) (see SI Text). Using this radiologically
tissue-equivalent, three-dimensional gel dosimeter (30), our re-
sults clearly show that changing the laser irradiation parameters
such as pulse duration enables us to precisely control the distance
in the tissue equivalent medium over which the entrance dose is
zero (Fig. 1B).

Using the chemical Fricke and the ceric-cerous dosimeters we
find that the dose rate by laser filamentation is extremely high
along the actual filamentation tracks. Ceric-cerous dosimeters
are used for high intensity radiation, because the yield of ceric
ions is independent of O2 concentration and of dose rate (31, 32).
Here, the dose absorbed in our macroscopic chemical dosimeter
volume (2 ml) varies linearly with irradiation time for femtose-
cond laser filamentation and for γ-irradiation using a standard
137Cs source (see SI Text). The macroscopic dose rates of the laser
filaments and γ-irradiation in the 2-ml volume are 7.8� 0.1 and
0.20� 0.01 Gy∕s, respectively (see SI Text). For comparison, the
dose rate achieved by clinical proton beam sources (at 60 MeV) is
2.8 Gy∕s (33). These results show that laser filamentation can
deposit a dose with a high rate in a very local track within the
macroscopic sample volume. In addition, the chemical yield of
these types of radiation dosimeters results from reactions of
water radiolysis products with metal ions (Fe2þ and Ce4þ) in
aqueous solutions (31, 32). Thus, our results also show that the
IR laser pulse induced filamentation process generates the same
type of radical water radiolysis species than conventional ionizing
radiations.

The spatial morphology of the energy-deposition process by
laser induced filamentation was evaluated at the microscopic and
macroscopic level using a clinically validated tissue-equivalent
polymer gel-dosimeter and magnetic resonance imaging (MRI)
(Fig. 1 and Fig. S1) (see SI Text); the gels are three-dimensional
(34, 35) and the tissue equivalent radiation dosimeters (36) used
here are used widely in clinical applications. The gel dosimeter is
based on radiation-induced polymerization of two monomer
species, which is initiated by free radicals derived from water
radiolysis (37). The amount of polymerization produced in the
dosimeter is directly related to the absorbed radiation dose
(i.e., energy deposited). The spatial distribution of the polymer
influences the spatial MRI properties of the dosimeter gel. The
formation of polymer also alters the initial optical transparency of
the dosimeter, and this is directly visible to the human eye. Here,
the dosimeter sample cells were imaged by MRI as described
elsewhere (38). The diameters of filamentation tracks produced
here for the MRI micro-dosimetry measurements are estimated
to be approximately 300–400 μm.We note that because the Gaus-
sian intensity profile of the laser beam is not smooth, any small
fluctuation in intensity on the beam profile will lead to local self-
focusing so long as the local power is higher than the critical
power for self-focusing. This results in bunching of multiple fila-
ments with a total cross-section diameter around 300 micrometer
and around 10 micrometer for each individual filament (Fig. S2)
dissolved oxygen at high absorbed dose, which agrees with pre-

vious studies of filamentation in aqueous solutions (12, 24). Using
the measured macroscopic dose rate of 7.8 Gy∕s, discussed
above, and the MRI measurements of the multiple filamentation
track’s dimensions, we find that the actual linear ionization den-
sity (39) within the filaments varies from 7.1 × 1010 to
1.3 × 1011 ionizations∕μm, while the effective dose rate equals
approximately 4.9 × 1011 Gy∕s (see SI Text). These values sur-
pass those of even the most intense conventional clinical radia-
tion sources to date. Fig. 1 A and B shows photographs of a large
polymer gel dosimeter irradiated with laser filamentation. Here,
changing the pulse duration leads to changes in the starting point
of filaments as shown in Fig. 1B. In case of conventional X-ray
irradiation in Fig. 1C, where a clinical irradiator was used, the
absorbed dose decrease as a function of depth in the gel dosi-
meter, from a maximum delivered dose that occurs upon entry
into the tissue equivalent medium. Thus, unlike conventional io-
nizing radiation, such as clinical X-rays, the femtosecond IR-la-
ser-pulse filamentation process is capable to generate a zero
entrance dose, while allowing precise control over the depth
and volume shape in which the dose is deposited in the macro-
scopic medium at the high microscopic dose rates described here.

Laser Filamentation Effect on Biological Systems. Clearly, the laser-
induced filamentation process, as observed here in chemical and
tissue equivalent clinically validated dosimeters, is able to induce
similar or identical chemical processes or polymerizations (all
related to formation of free radicals) as conventional ionizing ra-
diation; yet, a key question is if the type of genotoxic damage,
induced in DNA or its components, by IR-laser-induced filamen-
tation is the same as that of conventional ionizing radiation.
Here, we use the nucleoside thymidine and double stranded plas-
mid DNA as benchmarks to answer this question.

Biological compound damage. Thymidine decomposition resulting
from γ-irradiation and laser filamentation is shown here both in
the absence and the presence of oxygen (Fig. 2A). The pathway of
decomposition of thymidine in solution by γ-radiation involves
the generation of an •OH radical and its addition to the 5,6-dou-
ble bond of thymine or H-atom abstraction from the 2-deoxyri-
bose moiety. The resulting carbon-centered radicals of thymidine
lead to a large number of stable modifications (40). In view of the
very similar profiles of products observed here by HPLC-UV of
samples exposed in solution to γ radiation and laser filamenta-
tion, the mechanism of formation of products involves •OH ra-
dicals in both cases. Thymine is a well-known benchmark product
of thymidine decomposition by γ-radiation, which arises from
initial abstraction of H-atoms from the 2-deoxyribose moiety
by •OH radicals generated in the solution (40). The greater re-
lease of thymine in oxygenated solution (approximately three
times) compared to that in deoxygenated solution (Fig. 2A)
may be attributed to the addition of oxygen to carbon centred
radicals at the 2-deoxyribose moiety leading to more efficient
cleavage into thymine. Again, the similarities of thymine release
and the effect of oxygen on the decomposition of thymidine in
both clinical γ-irradiation and IR laser filamentation experiments
demonstrate here that •OH radicals are also the damage indu-
cing species in laser filamentation. However, other damage path-
ways to DNA components, such those mediated by LEEs (41) are
also possible.

DNA damage. Supercoiled, double-stranded plasmid DNA
[pGEM 3Zf(-)], was used to compare the genotoxicity of laser
filamentation and γ radiation in aqueous solution. Our results in
Fig. 2 B and C clearly show that the damage to double stranded
DNA, as indicated by the production of single stand breaks
(SSBs, circular form) and double stand breaks (DSBs, linear
form) by IR laser induced filamentation is identical to that
induced by conventional γ-irradiation; moreover, in both cases
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this involves the formation of free radical species in the solution,
including scavengeable solvated electrons in aqueous solutions
(42). Here, filamentation also generates a high-density avalanche
of LEEs (approximately 1018 cm−3) by inverse Bremsstrahlung
and multiphoton ionization processes in the aqueous solution
(10–12). These LEEs, similar to those formed along conventional
radiation tracks, have approximately 10-nm range in water (43)
and damage DNA even at subionization energies (18). Regard-
less of their formation mechanism, LEEs will also fragment sur-
rounding molecules, yielding radicals, including ROS (31, 44–46),
which may attack DNA and lead to SSB and DSB (19–21, 42) that
are accepted benchmarks for genotoxic radiation effects.

Animal tumor model. To test the therapeutic curative potential of
this fs IR laser irradiation technique, we have begun to study its
effects on a well-known and validated subcutaneous animal tu-
mor model. Tumors were grown in female Balb/c mice by subcu-
taneous injection of mouse mammary carcinoma cells (MC7-L1)
in both legs, irradiating only one. Our preliminary results 23 days
after treatment show that (i) tumor involution is clearly observed
in the treated leg, and (ii) while the untreated tumor volume
increased on average by 1,500% (�160%), the average reduction
in treated tumor volume is at least 50% (�44%). Most encoura-
gingly, in one out of three cases the tumor was completely era-

dicated as shown in Fig. 3. This is likely be due to the fact that the
geometric spacing of the five targeted irradiation spots on each
tumor was not identical for each mouse, such that tighter spacing
could lead to better tumor control. A higher power laser, allowing
multiple beam grid-pattern and thus simultaneous irradiation
with multiple filaments at constant spacing will remedy this. This
improvement will yield a better cover of tumors during laser
irradiation combined with a better control and stability of the
filamentation generation (47). We currently believe that the local
plasma induced by the laser pulses trigged a massive necrosis. The
ensuing cascade of inflammatory cytokines then diffuses from the
path of the laser beam leading to a volume of cell death larger
than the diameter of the laser beam. Our results support that
irradiation of a tumor at five points leads to a complete regression
of a tumor with a diameter of 6–8 mm. In any case, our results
suggest that the fs IR laser irradiation method used here has a
definite curative effect on tumor tissue and warrants intensive
study due to its vast potential to greatly improve cancer therapy.

Conclusion
We have presented evidence that the radiation-chemical and
radiobiological mechanisms and outcomes of fs IR laser induced
filamentation, even in tissue equivalent dosimetric media, seem
equivalent to conventional ionizing radiation. Moreover, we have
shown here that this conceptually unique approach to cancer
therapy, using high-power fs infrared laser pulse filamentation
(48) in macroscopic targets, may bring us a step closer to an ideal
beam for radiation therapy in that it maximizes the energy dose
inside the tumor volume, while keeping the (entrance) dose to
healthy tissue zero. In other words, it seems possible to effectively
“beam in” radiotherapeutic energy, at a high density, into a well-
controlled volume, leaving the surrounding medium untouched.
Our studies on DNA molecular models and animal tumor models
are still underway, particularly regarding the efficiency with which
laser filamentation might occur in opaque scattering media such as
living tissue, which remains unanswered (24), as well as possible
side effects in healthy pigmented tissue due to one-photon absorp-
tion of the laser light (49); however, the use of adaptive optimiza-
tion by a spatial light modulator could partly compensate for the
scattering of light in actual opaque tissue (25–28).While the adapt-
ability of the method described here to very deep seated tumors is
not yet clear, we are currently testing specially adapted hollow fiber
optic methods to bring the radiotherapeutic pulsed IR laser beam
physically closer to specific deep-seated target volumes.

Materials and Methods
Laser Irradiation. The laser irradiation setup used here for all the experiments
in aqueous solutions is shown in Fig. S3 (see SI Text). Sample solutions were
irradiated by femtosecond Ti-sapphire laser beams with the following prop-
erties: Pulse duration was 100 fs; pulse energy was 0.3 mJ∕pulse; repetition

Fig. 2. DNA damage induced by 137Cs gamma radiation, and laser filamentation at 800 nm: (A) a graph of the release of thymine (glycosidic bond cleavage)
from the irradiation of thymidine in solution versus absorbed dose. Agarose gel electropholysis separating supercoiled plasmid DNA damage (circular and
linear DNA conformations correspond to single and double strand breaks) using (B) gamma irradiation and (C) IR femtosecond laser pulse filamentation. The
absorbed macroscopic doses to the 2 ml target solution are given in Gy, and the two lanes in (B) after the marker are unirradiated controls.

Fig. 3. Femtosecond IR (800 nm) laser pulse treatment (left leg) of a MC7-L1
mouse mammary carcinoma tumor compared to control (right leg) 23 days
after laser irradiation. MC7-L1 cells were injected into the right and left
thighs of female Balb/c mice. The right side tumor was used as control. Three
to four weeks later, mice bearing tumors with a diameter of 3–5 mm were
irradiated by femtosecond IR laser pulses. The best laser treatment result here
was obtained by irradiating five separate spots (100–300 μm diameter, sepa-
rated by approximately 1–1.5 mm, with four spots forming a square and one
center spot) on the tumors, with 10-min irradiation times for each spot; the
laser irradiation and dosimetry conditions were identical to those used for
filamentation during chemical dosimetry (see SI Text).
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rate was 1 kHz; the central wavelength was 800 nm; and the cross-section
radius at the 1∕e2 level of the beam profile was 7 mm. The laser beam
was focused by a 30-cm focal length plano-convex lens into the sample con-
tainer (quartz cuvette, 1 × 1 × 5 cm3). The sample cell was located approxi-
mately 24 cm from the focal lens.

For a 30-cm focal length convex lens, the cross-section radius after the lens
of a Gaussian laser pulse (wz) is:

Wz ¼ w0½1þ ðz∕zrÞ2�1∕2;
wherew0 is the waist at the geometrical focus, z is the distance related to the
focus position, and zr is the Rayleigh length. So, with these irradiation para-
meters, we can confirm theoretically the occurrence of the filamentation pro-
cess in the cuvette by evaluating the starting point of filaments in water (50).
If one takes into account that we approximate our incident beam by a Gaus-
sian parallel beam with a radius at the 1∕e2 level of the beam profile equals
to wðzÞ, it will self-focus in the cuvette after the empirical distance zf :

zf ¼ f0.367 × k × wðzÞ2g∕f½ðP∕PcÞ1∕2 − 0.852�2 − 0.0219g1∕2;

where k is the wave member, P is the laser pulse peak power and Pc the cri-
tical power threshold of self-focusing (4.2 MW in water). Here, however, P
exceeds Pc by three orders of magnitude, so that the collapse distance of
our intense laser beams in a bulk Kerr medium no longer scales as 1∕P1∕2

but scales as 1∕P (51). Thus, we estimated zf close to 2.5 mm in the cuvette.
Furthermore, the value ofwz inside the quartz cuvette is composed between
7.3 × 10−2 cm and 6.1 × 10−2 cm. For a 3.5-GW laser pulse, the intensity
inside the sample container due to the geometrical focus reaches values
between 2.1 × 1011 W·cm−2 and 3 × 1011 W·cm−2. According to (50), the
optical breakdown threshold of water for our laser pulses is close to
5.6 × 1012 W·cm−2. Thus, our irradiation parameters avoid in theory the gen-
eration of hot high-density plasmas in aqueous solutions. During our experi-
ments, we visualized a beautiful super-continuum white light generation on
a screen oriented perpendicular to the laser propagation axis placed behind
the quartz cuvette, which is a feature of all filamentation phenomena (50).
However, we did not detect visual indications of optical breakdown, such as
bubble formation observed elsewhere (13). Therefore, we conclude that
we are essentially in the filamentation regime, well below the conditions
for optical breakdown.

Gamma and X-ray Irradiation. The samples were irradiated to a maximum of
300 Gy at 25 °C with 137Cs γ-rays (0.662 MeV) in a Gammacell (Elan 3000,
Atomic Energy of Canada Limited). The dose rate for 137Cs gamma irradiation
was 0.20� 0.01 Gy∕s, as determined by Fricke dosimetry. In some cases gels
where irradiated with a clinical X-ray therapy system (Therapax HF150T), at 1,
2, and 3 Gy, to demonstrate typical entrance dose of clinical X-rays.

Chemical Radiation Dosimeters. We used 1 mM of ammonium ferrous sulfate
hexahydrate (≥99.99% Sigma), 0.4 M H2SO4 (98%, Sigma) in saturated oxy-
gen condition, the so-called “super Fricke” dosimeter (32). The concentration
of Fe3þ was measured by UV spectrophotometer at 304 nm (where its molar
extinction coefficient ε ¼ 2196� 5 M−1 cm−1) (52). Typically, the production
of ferric ions is most sensitive to the radical species produced in the radiolysis
of water. Under low linear energy transfer (LET) irradiation conditions,
GðFe3þÞ is equal to 15.6� 0.3 molecules∕100 eV (32). However, the yield
of ferric ions was found to decrease with increasing dose rate above
108 Gy∕s (32) and was appreciably dependent on the initial concentrations
of dissolved oxygen at high absorbed dose (>500 Gy) (32). Because here the
microscopic dose rate within the filament volume can exceed such dose rates,
a ceric sulfate dosimeter is used here as well (Fig. S4).

The ceric sulfate dosimeter has been recommended as a chemical dosi-
meter for high dose rate radiations (31). The principle of the dosimeter is
reduction of Ce4þ to Ce3þ by radiolysis processes that do not consume oxy-
gen. Here, we used 1 mM cerium (III) sulfate (≥99.99%, Sigma) and 0.25 mM,
ammonium cerium (IV) sulfate dihydrate (>99%, Sigma) in 0.4 M H2SO4

(98%, Sigma) (32). The concentration of ceric ions was measured by UV spec-
trophotometer at 320 nm (where ε ¼ 5;610� 7 M−1 cm−1) (53). At high dose
rate (>1010 Gy∕s), the yield of ceric depends on yield of H2O2 which was
1.4 molecules∕100 eV (31).

Polymer Gel Dosimeter. The dosimeter gels were prepared with acrylamide
(AA) and N,N’-methylenebisacrylamide (BIS) (99þ%, electrophoresis grade,
Aldrich), each at 3% w∕w dissolved in gelatin (300 bloom, Aldrich) at 5%
w∕w, and water (de-ionized). The monomers (AA and BIS) were dissolved
in an aqueous gelatin matrix. In the manufacture process, gelatin was added
to water at room temperature and left to soak for 10 min. The solution
was then heated and maintained at a temperature of 45 °C. AA and BIS were
successively added and magnetically stirred for typically 15 min until
complete dissolution. The gels were prepared under a controlled N2 atmo-
sphere inside a glove box (38). The solution was poured into glass cell
(diameter 2 cm × length5 cm) as shown in SI Text, Fig. S1A. For the plastic
container as shown in Fig. 1 A–C, the gel was prepared in the glove box with
the same recipe but 5 mM of alkaline tetrakis (hydroxymethyl) phophonium
chloride (THPC) (80%, Aldrich) as an oxygen scavenger.

Thymidine Decomposition. The biochemical reagents used in the experiment
were the nucleoside thymidine (>99%, Sigma), a component of cellular DNA,
and de-ionized water. A 1-mM thymidine solution was prepared; 2 ml was
poured into a bubble forming anaerobic cell (1 × 1 × 5 cm3, NSG). The sam-
ple cell was purged with nitrogen or oxygen for 15 min immediately before
irradiation. The samples were irradiated by conventional gamma radiation
and laser filamentation. These samples were analyzed by high-performance
liquid chromatography (HPLC) with ultraviolet (UV) detection.

Plasmid DNA Damage. pGEM-3Zf(-) plasmid DNA (3,197 bp, Promega) was ex-
tracted form Escherichia coli DH5α and purified with the QIAfilter Plasmid
Giga Kit (Qiagen). Agarose gel electropholysis was used to show that 96%
of DNA was initially in the supercoiled form, 3% was in the concatemeric
form and 1% was in the circular form. The DNA was dissolved in de-ionized
water. The concentration of DNA was measured by its UV absorption at
260 nm, assuming a molar extinction of 7;120 mol−1 cm−1 at pH 7.0 (54).
The amount of DNA in each sample that was used for irradiation was
200 ng∕mL. The samples were irradiated by conventional gamma radiation
and laser filamentation and analyzed by standard gel electrophoresis.

MC7-L1 Tumors Implanted in Balb/c Mice and Laser Irradiation. The experimen-
tal protocol was approved by the institutional ethical committee and com-
plied with the regulations of the Canadian Council on Animal Care. The
mouse mammary carcinoma cell line MC7-L1 was generously provided by
Dr. Alfredo A. Molinolo of the Instituto de Biologia y Medicina Experimental,
Concejo Nacional de Investigaciones Cientificas y Técnicas en Facultad de
Medicina, Universidad de Buenos Aires, Buenos Aires, Argentina (55). The
MC7-L1 cells were grown in minimal essential medium (MEM) supplemented
with 10% fetal bovine serum (FBS) (Gibco), 1 mM sodium pyruvate, 2 U∕mL
penicillin G, 2 μg∕mL streptomycin, and 250 ng∕mL amphotericin B. The
MC7-L1 cells (106) were subcutaneously injected in both thighs of female
Balb/c mice six weeks old. Three to four weeks later, mice bearing tumors
with a diameter of 3–5 mm were put under anaesthesia (ketamine/xylazine)
and irradiated in one tumor (thigh) only by femtosecond laser pulses, such
that the unirradiated tumor (thigh) acted as a control. The laser treatment
was performed by irradiating five spots on a tumor and the irradiation time
was 10min each spot. The tumor volumewas calculated using the equation, L
in mm × W in mm × H in mm × 0.5, for measured values of L, W, and H at
specific days after the irradiation day.
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