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ABSTRACT: Targeting individual cells within a heterogeneous tissue is a key challenge in
cancer therapy, encouraging new approaches for cancer treatment that complement the
shortcomings of conventional therapies. The highly localized interactions triggered by focused
laser beams promise great potential for targeting single cells or small cell clusters; however, most
laser-tissue interactions often involve macroscopic processes that may harm healthy nearby tissue
and reduce specificity. Specific targeting of living cells using femtosecond pulses and
nanoparticles has been demonstrated promising for various potential therapeutic applications
including drug delivery via optoporation, drug release, and selective cell death. Here, using an
intense resonant femtosecond pulse and cell-specific gold nanorods, we show that at certain
irradiation parameters cell death is triggered by nonlinear plasmonic photoionization and not by
thermally driven processes. The experimental results are supported by a physical model for the pulse-particle-medium
interactions. A good correlation is found between the calculated total number and energy of the generated free electrons and the
observed cell death, suggesting that femtosecond photoionization plays the dominant role in cell death.
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Intense laser light has long been studied as a tool for targeting
and manipulating living cells, offering effective means for

eliminating diseased tissue with high precision. For increasing
specificity and accuracy of the effects, gold nanoparticles have
been adopted as mediating agents between the optical field and
the tissue, taking advantage of their small dimensions, high
biocompatibility and unique optical resonances. Using con-
tinuous-wave irradiation and gold nanoshells, photothermal
processes have been shown as effective triggers of cell death,1

capable of shrinking malignant tumors in vivo.2 Laser pulses in
the nanosecond range (Figure 1) have been shown effective for
damaging microparticle-labeled3 and nanoparticle-labeled4−8

tissue through temperature elevation in close proximity to the
particles. Physical effects confined within a few tens of
nanometers could be attained by using pulse durations that
are shorter than the characteristic heat diffusion time of the
nanoparticle (typically above 10 ps),9 where most of the
absorbed energy is transformed into reactive cavitation
bubbles.10 Such thermomechanical effects have been shown
effective for killing cells,11 rupturing their plasma membranes
for transfection by genes12 and by other molecular entities,13,14

inducing fusion between specific cell pairs15,16 and triggering
multiple therapeutic effects using plasmonic nanoclusters in
vivo.17

For pulse durations in the femtosecond range and irradiance
levels near ionization thresholds (typically a few TW/cm2, see
left-hand side of Figure 1), high-order optical nonlinearities
may become significant, including multiphoton absorption and
strong-field photoionization. The later process could potentially
be useful for therapeutic applications due to the high

cytotoxicity of the free electrons.18−21 In vacuum environment,
photoionization and free electron acceleration by femtosecond-
pulse irradiation were studied using tungsten nanotips,22 gold
nanotips,23,24 gold nanorods, and nanobowties.25 Within
condensed matter such as water, additional processes need
also to be considered, including self-phase modulation,
nonlinear optical losses, and cascade ionization; these
interactions have been extensively studied in the context of
nanomachining,26,27 multiphoton imaging,28 and surgery of
cells and tissues.29 For many biomedical applications, gold
nanoparticles embedded within the tissue could have a dual role
in enhancing strong-field effects within a complex, inhomoge-
neous tissue. First, at resonance, near-field enhancement
significantly amplifies linear30 and nonlinear31 optical effects,
resulting in high enhancement efficiencies while keeping laser
intensities below the tissue damage threshold. Second, by
fabricating nanoparticles with high affinity to specific cells, the
optical interactions could be confined only within the particle
vicinity, potentially sparing nearby vital cells and tissue.
The physical processes taking place around gold nano-

particles irradiated in aqueous environment by femtosecond
pulses has been extensively studied and reported by Plech et
al.,32 Kotaidis et al.,10,33 Boulais et al.,34,35 and Lachaine et al.36

Using nanoparticles conjugated to cancer cells and irradiated by
off-resonance femtosecond pulses near 1 TW/cm2, effective
optoporation has been demonstrated,37−39 most likey due to
the local interaction between the resulting cavitation bubbles38
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and the cell membrane. Yet, despite the convincing
experimental evidence for these interactions and thourough
theoretical analyses,9,33,35,36,40,41 the exact contributions of the
various physical mechanisms leading to membrane perforation
remain unclear, primarily as photothermal, photochemical, and
photoionization effects most often occur in concert and could
affect the cells in various manners depending on their relative
strength and exact timing. In this study, we show that at specific

irradiation parameters, nanometric-scale nonlinear photoioniza-
tion is the dominant physical mechanism that triggers the death
of nanoparticle-targeted lymphoma cells. By using a numerical
model for simulating the pulse-particle interactions,42 and by
solving the full Keldysh43 equation for the photoionization rates
at each location within and around a nanoparticle, we obtain a
good correlation between the experimentally measured cell
death and the calculated total energy of the generated free
electrons.
Malignant Burkitt lymphoma (BJAB) cells were incubated

with 3.7-aspect-ratio gold nanorods (Figure S1) coated by a
layer of PEG and anti-CD20 monoclonal antibody having high
affinity to the CD20 receptors present at the cells’ membranes.
After washing the cell culture from unbound particles, two-
photon excitation fluorescence microscopy (Figure 2a) had
confirmed attachment of particles or clusters of particles to the
cells. Cross-sectional views of the two-photon image data
(Figure S2) revealed that most nanorods did not enter the
cytoplasm and remained attached to the cells’ membranes. The
resulting nanorod-conjugated cells were irradiated by a laser
beam (approximately 0.04 mm2 cross-section area) of a single
45 fs, high fluence (100 mJ/cm2) pulse whose central
wavelength (800 nm) roughly coincided with the peak
absorption wavelength of the particles (780 nm). Noticeable
changes in all of the cells were visible immediately after
irradiation (Movie S1), including loss of plasma membrane
integrity and leakage of cytoplasm into the medium. For
comparison, Movie S2 of nanorod-free control cells showed no
visible response of the cells to the pulse. A few minutes after
irradiation, approximately 50% of the irradiated cells became
necrotic, as indicated by propidium iodide (red) fluorescence
(Figure 2b, left panel). In comparison, particle-free and/or
nonirradiated cultures showed negligible necrosis (Figure S3a)
and maintained normal proliferation rates (Figure S3b).

Figure 1. Time scales of the various processes triggered within a gold
nanoparticle embedded in water and irradiated by a 100 mJ/cm2 laser
pulse. <100 fs: nonlinear photoionization (multiphoton, tunneling).
<1 ps: electron heating due to photon absorption by conduction and
valence electrons. 50 fs to 100 ps: electron−gold phonon interactions.
>0.5 ps: gold phonon−water phonon interactions. Red arrow
corresponds to 45 fs, which is the shortest pulse duration in this
work. The processes for time constants longer than 100 fs were also
summarized in ref 9. Processes with time constants below 100 fs were
discussed in refs 22−24.

Figure 2. Plasmonic photoionization induces cell necrosis. (a) Two-photon excitation fluorescence (TPEF) superimposed on a phase-contrast image
reveals anti-CD20 gold nanorods (yellow) attached to the CD20-expressing Burkitt lymphoma cells. (b) Twenty minutes after irradiation of a single
45 fs pulse at 100 mJ/cm2, approximately 50% of the cells became necrotic (red stained), whereas irradiated cells without nanorods had remained
viable. (c) Schematic illustration of an irradiated nanorod-targeted cell, including enhanced fields (red), free electrons, multiple membrane ruptures,
generation of reactive oxygen species, and particle melting.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.6b01901
Nano Lett. 2016, 16, 4601−4607

4602

http://dx.doi.org/10.1021/acs.nanolett.6b01901


The method of cell targeting by nanoparticles and
subsequent pulse irradiation is schematically illustrated in
Figure 2c, showing the hypothesized generation of free
electrons, plasma membrane rupture at multiple locations,11

the generation of intracellular reactive oxygen species (ROS),44

and possible damage to cellular organelles. The dependence of
cells death on pulse irradiance was studied by measuring the
portion of dead cells following illumination by a single 45 fs
pulse at different irradiance levels (Figure 3a, red diamonds).
For avoiding saturation of the death ratio parameter, cell death
was kept low throughout all the experiments by keeping low
particle concentrations and low irradiance levels. Below 1 TW/
cm2, cell death was lower than 10% and showed nonlinear
dependence on irradiance levels. Above 1 TW/cm2, death ratios
were approximately linearly increasing with irradiance, reaching

32% at 4 TW/cm2. At constant pulse fluence, cell death was
strongly dependent on pulse duration (Figure 3b, red
diamonds); for a 100 mJ/cm2 pulse (Figure 3b, top panel)
cell death ratios were approximately 8-fold higher for pulses
shorter than 100 fs compared to pulses longer than 500 fs,
despite the similar total energy of the pulse. A similar trend was
observed for single 150 mJ/cm2 pulses (Figure 3b, lower
panel). As thermal and thermomechanical effects are insensitive
to variations within the femtosecond time scales (see Figure 1),
these results indicate that cell damage was governed by
dynamic electronic processes that are characterized by
femtosecond time scales (Figure 1). Cell death was
accompanied by high levels of intracellular reactive oxygen
species (ROS), where approximately 21% of the cells exhibited
elevated ROS levels after a 45 fs pulse, and nearly normal levels
for pulses longer than 100 fs (Figure 4a, 50 mJ/cm2). The

elevated intracellular ROS levels in the irradiated living cells,44

however, were most likely not the direct cause of the immediate
cell death, as indicated by the inability of ascorbic acid (a
known scavenger of ROS45) to prevent death (Figure 4b).
In order to model the physical process that lead to the

generation of free electrons due to strong-field photoionization,
we have simulated the interaction between a single pulse (800
nm central wavelength) and a single 37 nm × 10 nm gold
nanorod (corresponding to the measured average particle

Figure 3. Effect of near-resonance 800 nm irradiation on death of cells
labeled by 3.7 aspect ratio gold nanorods. (a) Ratio of dead cells 5 h
after irradiation versus irradiance of a single 45 fs pulse (red
diamonds). The total energy of the free electrons generated at a single
nanorod and averaged over all possible irradiation angles is shown in a
black dashed line. Standard error of estimate for the model fit was
0.021. (b) Ratio of dead cells 5 h after irradiation versus pulse
duration. Standard error of estimate for the model fits (dashed line)
was 0.0116 and 0.041 for the 100 and 150 mJ/cm2 pulses, respectively.
Arrows point to the relevant vertical axes. Between 600 and 1000 cells
were analyzed per each data point in (a) and (b). Error bars represent
standard deviation.

Figure 4. (a) Intracellular ROS levels for different pulse durations at
constant 50 mJ/cm2

fluence. Green fluorescence (H2DCFDA marker)
spots correspond to cells exhibiting high ROS levels. (b) Ratio of dead
cells versus pulse duration with (red triangles) and without (blue
circles) ascorbic acid in the culture medium. The dotted line
represents an inverse power trend line between cell death and pulse
duration. (*) indicates p < 0.0003. Between 500 and 600 cells were
analyzed per each data point. Error bars represent standard deviation.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.6b01901
Nano Lett. 2016, 16, 4601−4607

4603

http://dx.doi.org/10.1021/acs.nanolett.6b01901


dimensions in the experiment (Figure S1)) embedded in water
(1.33 refraction index) environment. A boundary element
method (BEM)42 was used to solve the Maxwell equations and
calculate the optical field distribution within and around the
gold nanorod. A 0.5 nm-thick boundary layer near the particle’s
surface was excluded from the simulation due to the low
accuracy of the BEM at this region. For a 45 fs pulse
illumination at 100 mJ/cm2 and linear 45° (x−z plane)
polarization (Figure 5a), the simulation showed that the nearly
resonant irradiation resulted in optical fields as strong as 8 ×
1010 V/m near the two extremities of the nanorod (Figure 5a).
In contrast, inside the nanorod fields were an order of
magnitude lower, between 2 × 109 V/m near the two ends of
the nanorod to 2 × 1010 V/m at its center. For calculating the
photoionization rates within the gold and in the surrounding
water, we followed the Keldysh43formulation for the interaction
between strong optical fields and media containing effective
valence and conduction bands. Under the influence of strong
irradiation, the effective band gap46 Δ = 6.5 eV of water for
weak, nonoscillatory electric fields, required adjustment to an
effective ionization potential given by43
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where E denotes the complete elliptic integral of the second
kind, γ denotes the Keldysh parameter given by
γ ω= Δm eF/( ), ω denotes the optical radial frequency, m
and e denote the reduced electron mass and charge,
respectively, and F denotes the electric field amplitude. Similar
considerations were applied for the ionization potential within
the nanorod, which was calculated as the difference between the
work function of gold in vacuum (5.1 eV47) and the water
affinity (1.2 eV48): 5.1−1.2 = 3.9 eV. The field variations result
in a wide range of the Keldysh parameter γ between 0.1 in the
near-field enhancement regions to above 1 inside the nanorod
(Figure 5b). Consequently (eq 1), the ionization potential
varies considerably within and around the nanorod (Figure 5c),
reaching band gaps as high as 20 eV in the water near the rod
edges. Accordingly, the number of photons required to exceed

the ionization potentials, given by N = ⟨Δ̃/ℏω + 1⟩ (⟨...⟩
denotes the integer part) was also spatially dependent (Figure
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where K and E denote the complete elliptic integral of the first

a n d s e c on d k i n d , r e s p e c t i v e l y , γ= +a 1/ 1 2 ,

γ γ= +b / 1 2 , and Φ denotes the Dawson probability

integral Φ= ∫ 0
ze(y

2−z2) dy. Photoionization rates (Figure 5e),
varied from less than 0.01 electrons/nm3/fs at the two nanorod
edges and up to 0.13 electrons/nm3/fs close to the rod center
and within the water at the strong near-field enhancement
regions. After ionization, each free electron would have a
residual kinetic energy due to the difference between the
absorbed photon energy and the local ionization potential.
Assuming a square-shaped pulse duration τ = 45 fs, the energy
density U of the free electrons, given by U = (Nℏω − Δ̃)wτ
(Figure 5f), was maximal at several locations near the center of
the nanorod. Once released from their atoms, the free electrons
are still subjected to the strong optical field; unlike in previous
studies in vacuum environment,24,25,49 however, electron
acceleration would be disrupted by electron−phonon collisions
within the water (a mean free path of a few tens of
angstroms50−52). Subsequent impact ionization is also
neglected53 due to the small dimensions of the strong near-
field regions and the short duration of the pulse. The total
energy of the free electrons was integrated over the entire
simulated volume, averaged over all possible angles between the
field polarization and the main rod axis, and computed for
different irradiance values and pulse durations (Figure 3,
dashed lines). Notably, the total energy of the photoelectrons
correlated well with the trend of the observed cell death ratios,

Figure 5. Simulation results of a numerical model for the pulse-nanorod interaction in water during nearly resonant (800 nm) 45 fs, 100 mJ/cm2

pulse irradiation. (a) Optical field distribution within and around the nanorod, calculated using the boundary element method. Scale bar represents 5
nm. Double-headed arrow represents polarization axis. The gold−water boundary is marked by dashed white line. (b) Keldysh parameter
distribution. (c) Effective ionization potential. (d) Number of photons required for photoionization. (e) Ionization rates according to eq 2. (f)
Energy density of the free electrons immediately after ionization.
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suggesting that photoionization could play the dominant role in
cell death. Good correlation was also found between the
simulated total number of photoelectrons and their total energy
immediately after ionization (Figure S4). Note that the total
number of photogenerated free electrons (Figure S4, solid blue
curve), as well as their total energy (Figure 3b), exhibit some
nonmonotonic behavior for short pulse durations due to the
substantial spatial variations of the photoionization rates within
and around the nanorod, which originate from the non-
monotonic term 2N − 2Δ̃/(ℏω) at the nominator of the
function Φ. The model was also applied for simulating
photoionization in resonantly irradiated gold nanospheres,
showing good correlation between the experimentally obtained
cell death ratios and the total energy of the free electrons
(Figure S5). Note the local minimum in the total electron
energy at 3.5 TW/cm2, caused by the transition from two- to
three-photon ionization within the nanosphere.
The presented experimental and theoretical results prove the

significant role of plasmonic nonlinear photoionization in
triggering cell death. When irradiance is set just below the
ionization threshold and its wavelength is tuned close to the
resonance frequency of the particles, the resulting strong
plasmonic oscillations trigger photoionization within the
nanoparticle and at its surrounding medium. Note that some
of the previous theoretical studies have also considered
photoionization from the strong near-field regions around the
particles;35,54 however these studies have either ignored
nonlinear photoionization within the particles,35,54 or instead
assumed only a thermal electron emission from the particles,35

a process that is independent of the duration of the
femtosecond pulse. After ionization, the free electrons (or
low-density plasma) could strongly interact with their
neighboring environment through a variety of possible
mechanisms, including the formation of cavitation bubbles;
the proximity of the ionized nanoparticles to the plasma
membrane of the cells (Figure S1) most likely caused
widespread membrane rupturing,37,55 followed by rapid spillage
of cell content (Movie S1). Note that the nonuniform
(Gaussian) beam profile resulted in lower death ratios at the
beam edges compared to its center, preventing the technique
from achieving 100% cell death. Using denser illumination
patterns could potentially increase death ratios; however, a
more sophisticated modeling would be required for simulating
multiple pulse irradiations, including changes in particle
morphology between pulses.
Under the effect of the strong field, the free electrons may

accumulate additional energy and accelerate either back to the
nanoparticle24,56 or away from it.25 The dense PEG coating of
the nanoparticles and the surrounding water (tens of angstroms
electron mean free path50−52) however would rapidly absorb or
scatter these electrons, converting their kinetic energy into
potentially cytotoxic chemical reactions. The short-range and
duration of the enhanced fields also imply that impact
ionization, that is, ionization due to collisions between
accelerated free electrons and valence-band electrons, would
not play a significant role in cell death, as multiple single-
photon absorptions by the electrons require long time periods
of a few hundreds of femtoseconds.53 The strong dependence
of cell death on pulse duration, particularly at the femtosecond
time scales, suggests that thermomechanical effects4 do not
contribute to the observed cell death; thermal effects such as
heat diffusion9 and electron thermalization57 require typical
time constants in the picosecond range and would thus be

insensitive to femtosecond-scale variations of the pulse
duration. The irradiated nanorods were nonetheless affected
by the high temperatures,58,59 losing their elongated shapes and
consequently their 780 nm resonance band for all irradiation
levels tested (Figure S6). Clearly, any additional 800 nm pulses
would have a lower effect on the cells due to the rapid loss of
the particles’ resonance bands. Another consequence of the
pulse-particle interaction that did not cause cell necrosis was
the generation of intracellular ROS; yet, their abundance may
indicate an environment rich with free electrons and ions60 that
further supports our model. By using lower irradiance levels
and additional pulses, one could potentially avoid the violent
plasma membrane rupture and induce different death
mechanisms.15,44

Irradiation of gold nanoparticle-targeted cells has been
studied previously under experimental conditions similar to
those used in our work. Huang et al.61 demonstrated necrosis of
nanosphere-targeted HSC cells using 100 fs pulses at 800 nm
wavelength and irradiance of 2 MW/cm2, Li et al.62

demonstrated membrane blebbing in nanorod-targeted HeLa
cells using 100 fs, 0.1 TW/cm2 pulses at 800 nm, Bergeron el
al.37 have demonstrated membrane perforation of nanosphere-
targeted CD44-expressing cells using 45 fs, 1.3 TW/cm2 at off-
resonance 800 nm, and Schomaker et al.39 have demonstrated
optoporation of nanosphere-targeted cells of different origins
using 120 fs pulses at off-resonance 796 nm. Because of the
high instantaneous peak powers involved in these studies, it is
likely that photoionization played certain, sometimes even
critical, roles in their outcome. Our study suggests that indeed
photoionization may have played important roles in those
experiments, at least where irradiance levels exceeded 1 TW/
cm2.
An interesting comparison between plasmonic photoioniza-

tion and radiation therapy63 could be drawn, as both use
ionization for damaging cancer cells. Radiation therapy is
widely used in the modern clinical practice, where ionizing
energetic electromagnetic rays or charged particles target
rapidly dividing cells, either directly by ionizing their DNA19

or indirectly by generating free radicals that attack the DNA
strands. The rapid cell necrosis observed in our experiments
however was most likely caused by loss of membrane integrity18

(Movie S1) and not through DNA damage, as indicated by a
lack of activity of the proteases caspase 3 and caspase 7, which
are common generators of apoptosis64 (see Supporting
Information and methods). Additional experiments are
required in order to identify the exact cause of cell death
(necrosis or programmed necrosis65) for different experimental
parameters. Another important aspect relates to the electron
energies immediately after photoionization, which are much
lower compared to those of electrons generated by ionizing
radiation;18,19 yet, low energy free electrons are still capable of
generating significant damage to biomolecules.20,21 Further
experiments with different particle targeting mechanisms and
different pulse parameters are required for linking the effects of
our technique to those of radiation therapy; for example,
directing the particle to the cells’ nucleus could result in a
higher damage to rapidly dividing cells. Being highly localized
(a few nanometer electron mean free path),66 yet widely spread
at multiple locations within the targeted cells or tissue,
plasmonic photoionization would perhaps be more suitable
for targeting specific cells or small tumors within a
heterogeneous vital tissue with low toxicity and without
harmful ionizing radiation. As scattering and dispersion would
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broaden femtosecond pulses while propagating through thick
tissue, the technique may also be limited only to epithelial
tissue that could be accessible by the laser beam.
In summary, we presented an experimental proof that

nonlinear photoionization is a dominant process in triggering
the eradication of cancer cells that are targeted by function-
alized gold nanoparticles and irradiated by femtosecond pulses
near ionization threshold. The experimentally observed cell
death correlated well with the calculated total energy of the free
electrons, based on a theoretical model describing the pulse-
particle-medium interactions. Nanoplasmonics-driven photo-
ionization could play an important role in future biomedical,
chemical, and material processing applications that call for
selective manipulation of matter with high resolution and
specificity. Further experimental and theoretical studies could
unveil its potential for cancer therapy, harnessing the well-
known advantages of conventional radiation therapy for
developing new therapeutic approaches that target cancer on
subcellular scales.
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