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Cancer cells could be locally damaged using specifically targeted gold nanoparticles and laser pulse
irradiation, while maintaining minimum damage to nearby, particle-free tissue. Here, we show that in
addition to the immediate photothermal cell damage, high concentrations of reactive oxygen species (ROS)
are formed within the irradiated cells. Burkitt lymphoma B cells and epithelial breast cancer cells were
targeted by antibody-coated gold nanospheres and irradiated by a few resonant femtosecond pulses,
resulting in significant elevation of intracellular ROS which was characterized and quantified using
time-lapse microscopy of different fluorescent markers. The results suggest that techniques that involve
targeting of various malignancies using gold nanoparticles and ultrashort pulses may be more effective and
versatile than previously anticipated, allowing diverse, highly specific set of tools for local cancer therapy.

R
eactive oxygen species (ROS), a specific type of oxygen-containing reactive molecules, play important roles
in various cellular processes, and are known to be essential for cell proliferation at basal levels1. At
sufficiently high concentrations, however, ROS could become cytotoxic, often entailing cellular necrosis

or apoptosis2,3, an effect that is frequently utilized for various therapeutic applications. Radiation therapy4, i.e. the
use of ionizing radiation for treating local malignancies, could damage cells either directly, by ionizing DNA and
other cellular molecules, or indirectly, through the production of high levels of ROS that lead to high cytotoxicity.
Several chemotherapeutic drugs, for instance Cysplatin5 and Actinomycin D6, also exploit excess production of
ROS for mediating damage to cancer cells5–9; while the exact mechanism leading to ROS production using these
drugs is not fully understood, it has been shown that the use of ROS scavengers could greatly reduce the drug’s
effect5,6,8,9. ROS also play a key role in photodynamic therapy (PDT), where the activation of a photosensitizer by
light initiates a chemical chain reaction which results in local ROS formation10,11.

In the last decades, several research groups have proposed the use of specifically targeted noble-metal nano-
particles irradiated by laser light as an effective therapeutic tool for treating various malignancies with minimum
collateral damage to healthy tissue12–18. Gold nanoparticle-mediated photothermal therapy apply continuous-
wave13,19–23 and pulse laser16–18,24 irradiation to induce cellular damage either via extensive temperature rise12,13 or
through rapid nanoparticle heating and the subsequent release of the energy in the form of small shock
waves16–18,24–27.

In previous work27, our group has demonstrated the induction of selective cell damage with high level of control
using gold nanospheres and a few high-intensity femtosecond pulse irradiation. We have shown that resonantly
irradiated cells were undergoing either apoptosis, necrosis or were fusing together, depending on cell envir-
onment and irradiation parameters (number of pulses, fluence). The exact mechanism that has led to these
outcomes, however, is poorly understood, and most likely stemmed from the multiple, nanometric-scale cavit-
ation bubbles which are formed around the irradiated nanoparticles28,29. Here, at optical fluence levels below those
required for the induction of widespread necrosis, we find that intracellular ROS are formed within Burkitt
lymphoma (BJAB) and epithelial breast cancer (MDA-MB-468) cells in concentrations that are proportional to
the number of irradiating pulses. The high levels of intracellular ROS could result from the direct interactions
between the nanometric shockwaves and the surrounding molecules or indirectly, through the cellular stress
caused by these shock waves.

Results
In order to quantify the formation of ROS in nanoparticle-targeted malignant white blood cells following laser
irradiation, Burkitt lymphoma B (BJAB) cells were incubated with 20-nm-diameter gold nanospheres coated by
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anti-CD20 antibody having high affinity to the membrane-spanning
protein CD20 which is localized on the surface of the cell mem-
brane30. Following incubation, approximately 104 particles were
attached to each cell, estimated by measuring the nanoparticle con-
centration drop in the cell culture medium. Scanning electron micro-
scopy (SEM) has confirmed the presence of gold nanospheres on the
cells’ plasma membranes (supplementary Fig. 1a). Fluorescence
images of cells incubated with H2DCFDA, a non-fluorescent deriv-
ative of fluorescein that is activated upon cleavage by intra-cellular
esterases and oxidation, were captured ninety minutes after irra-
diation by different number of pulses at the resonance wavelength
(550 nm) of the gold nanospheres (Fig. 1a). A bar chart summarizing
the percentage of cells expressing ROS levels above the basal level is
shown in Fig. 1b. Irradiation by two pulses caused only a minor
increase of ROS levels compared to the basal level in cells that were
not irradiated and/or not targeted by nanoparticles. Irradiation by

four pulses have caused an eight-fold increase in the number of cells
containing high cellular ROS, while six pulses have led to high ROS
concentrations in nearly 27% of the cells. The number of cells having
high ROS levels after eight pulses was also significantly high,
although somewhat lower than after six pulses; we relate this decrease
in fluorescence to the expected drop in cell viability due to the strong
laser irradiation27, which prevented reliable measurement of the
intra-cellular ROS levels. The occasional, non-uniform response of
the cells across some of the cell cultures is attributed mainly to
non-uniformity in the cross-section of the irradiating laser beam,
resulting in regions of cells that were irradiated by different pulse
intensities. Similar ROS production in irradiated BJAB cells targeted
by gold nanoparticles was observed using a different marker of ROS
(CellROXTM), a cell permeable red dye which fluoresces upon oxida-
tion by ROS (supplementary Fig. 2).

Using time-lapse microscopy of the irradiated BJAB cells, we have
found that the majority (approximately 90%) of cells having ROS
concentrations over twice the basal level had eventually died after a
few hours. A time sequence of images of a typical region of interest
containing three cells with elevated levels of ROS is shown in Fig. 2,
depicting the gradual process of cell death. While some of the cells
(two cells marked by the two upper arrows) had shown gradual
increase in intracellular ROS (H2DCFDA, green) followed by nec-
rosis (red, propidium iodide), others (lower arrow) showed signifi-
cant swelling31, followed by spillage of the cell’s content, cell
shrinkage and necrosis. By correlating mitochondrial activity
(MitoTracker Red CM-H2XRos) with the distribution of ROS
(CellROXTM) in irradiated cells, we have found that most of the cells
in which elevated levels of ROS were detected were still viable at least
two hours post-irradiation (supplementary Fig. 3).

In order to assess the specificity of the process leading to high
levels of ROS in irradiated cells, a co-culture (151 cell ratio) of
CD20-expressing Burkitt lymphoma B cells and K562 erythromye-
loblastoid leukemia cells that do not express CD20, was incubated
with anti-CD20-coated gold nanoparticles and irradiated by eight
pulses. ROS levels in each cell type were measured using the
H2DCFDA marker; the results are shown in supplementary Fig. 4
and summarized in a bar chart in Fig. 3. Approximately 17% of the
Burkitt lymphoma cells in the irradiated co-culture showed elevated
levels of ROS, while the ROS levels in the K562 cells remained un-
affected. This was consistent with the results of similar experiments
using homogeneous K562 cell cultures, in which ROS levels have
remained low (Fig. 3) regardless of nanoparticle targeting.

Figure 1 | ROS in nanoparticle-targeted Burkitt lymphoma cells after
irradiation by resonant femtosecond pulses. (a). Fluorescence images of

green ROS marker captured 90 minutes after irradiation. Each green spot

corresponds to a single cell. Scale bar represents 50 mm. (b). Percentage of

cells in which ROS is higher than the basal level. (*) indicates P , 0.0001.

Figure 2 | Necrosis in Burkitt lymphoma cells following high
intracellular levels of ROS, as seen in selected frames from a time-lapse
multi-channel fluorescence and phase-contrast microscopy of the
nanoparticle-targeted cells irradiated by eight pulses (see lower-left
panels in Fig. 1). Numbers at the bottom-left of each frame denote the

time elapsed from the moment of irradiation. White arrows point to three

representative cells in which excessive ROS (green) is accumulated,

followed by necrosis (red). Scale bar represents 20 mm.
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The results presented in Figs. 1–2, showing high concentrations of
ROS in irradiated nanoparticle-targeted BJAB cells, were consistent
and repeatable throughout numerous experiments, but may be
related to the cells’ specific chemical or biomechanical properties.
Compared to the non-adherent BJAB cells, adherent cells often have
different morphology, physiology and mechanical properties, and
may respond differently to the combined effect of the laser irra-
diation and the nanoparticles. In order to study the abundance of
ROS in an adherent epithelial MDA-MB-468 cell line, the cells were
targeted by anti EGFR-coated gold nanoparticles (approximately 105

particles per cell. See also SEM images of a cell membrane in supple-
mentary Fig. 1B) and irradiated by sequences of increasing numbers
of femtosecond pulses according to protocols similar to those
described above. Fluorescence and phase-contrast images of the epi-
thelial cell cultures (Fig. 4a), and a bar chart summarizing the per-
centage of cells with high level of cellular ROS (Fig. 4b), reveal
significant increase from 5.5% to 95% in the number of cells with
ROS above the basal level following only two laser pulses. The aver-
age increase in fluorescence intensity within the cells was also sig-
nificant (approximately five-fold), indicating substantial increase of
ROS concentrations. After four pulses, a similar percentage of cells
with high levels of ROS was observed, however, multinucleated cells
have begun to appear as a result of fusion between neighboring cells
(cell boundaries marked by dashed yellow curves). After six pulses,
the fluorescence level of the ROS marker had dropped significantly,
most likely due to decreased cell viability, damage to the plasma
membranes, or widespread cell fusion.

When monitored over longer periods of time, the irradiated cells
were often losing their viability even when rapid necrosis and/or cell
fusion were not immediately observed27. Noticeable death of the
MDA-MB-468 cells was observed 22 h32,33 post-irradiation even
for two irradiation pulses (Fig. 5, top-right panel). While the rate
of necrotic cells was similar for all irradiation levels (Fig. 5, red
columns), the numbers of apoptotic cells (green columns) were con-
stantly rising in correlation with the number of irradiating pulses.
The high levels of intracellular ROS and the absence of immediate

visible damage imply that ROS may be the dominant factor2,3 in the
observed long-term cell damage.

In order to verify that ROS are the main cause of cell damage,
cells were incubated with high concentrations of ascorbic acid
(vitamin C)34, a well-known antioxidant and an effective scavenger
of several reactive oxygen species35. At 500 mM concentration of
ascorbic acid, five-fold higher than typical physiological concen-
trations, cells have appeared unaffected and ROS levels have
remained low even after six irradiation pulses (Fig. 6a, lower-right
panel), in contrast to the nearly threefold increase in ROS levels in
the absence of ascorbic acid (top-right panel). Approximately fifty
hours after irradiation, nearly 24% of the irradiated culture area
was cleared of viable, adherent cells (see Fig. 6b for typical regions
of interest), while almost full cell coverage was observed in cul-
tures containing ascorbic acid. Approximately 73% of the irra-
diated, nanoparticle-targeted cells were counted dead (Fig. 6c,
no ascorbic acid), significantly more than the amount (24%) of
dead cells found in irradiated, nanoparticle-targeted cells with
ascorbic acid in their growth medium (Fig. 6c).

High levels of intracellular ROS are also known to be the result of
Actinomycin D treatment, a common cytotoxic drug whose activity
was found to be largely reduced by the presence of ROS scavengers6.
In order to compare the levels of ROS in nanoparticle-targeted irra-
diated cells with those induced by Actinomycin D, MDA-MB-468
cells were incubated with Actinomycin D at a concentration known
to induce apoptosis in cell cultures36. Approximately 92% of the cells
have shown ROS levels significantly higher than the basal level
(Fig. 7, see also blue column in Fig. 4b), comparable to the percentage
of cells with high levels of ROS following irradiation by two or four
pulses. Widespread cell death by apoptosis (Annexin V, green) and
necrosis (propidium iodide, red) was evident in these cells five hours
after exposure to Actinomycin D (Fig. 7, lower-left panel), compar-
able to the damage caused to nanoparticle-targeted cells 22 hours
after four pulses (see, for example, Fig. 5). A similar trend was
observed in BJAB cells following exposure to Actinomycin D
(Supplementary Fig. 5).

Figure 3 | ROS levels in a Burkitt lymphoma (BJAB) and K562 leukemia cell co-culture, and in a homogenous K562 cell culture. The CD20-expressing

BJAB cells respond well to the irradiation, while the K562 cells, that do not express CD20, show no change, either in a co-culture or in a homogeneous

culture. Insets show magnified views (original frames are shown in supplementary Fig. 4) from the corresponding fluorescence images of the ROS marker

H2DCFDA (green) and the nucleus marker Hoechst (false color red, BJAB cells only) superimposed on a phase contrast images. Yellow arrows point to

BJAB cells with high ROS levels. Green arrows point to K562 cells with high ROS levels. Scale bar represents 40 mm.
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Discussion
High power lasers can damage living cells in different ways, most
commonly due to elevated tissue temperatures caused by light
absorption by the cells. When the laser light is delivered at short
pulses of sufficiently high irradiance (near or above 1012 W/cm2),
multiphoton ionization may lead to (among other processes) excess
formation of ROS37,38. Small amounts of ROS could also be produced
by light absorption in endogenous porphyrins, mitochondrial cyto-
chromes and flavoproteins39. These processes, however, occur when-
ever laser intensity is sufficiently high, and are often considered
nonspecific. By selectively attaching gold nanoparticles to cancer
cells and reducing the pulse irradiance below the ionization thresh-
old, specificity is achieved through the local interactions between the
pulses and the particles, avoiding damage to nearby, nanoparticle-
free cells or tissue.

The current work presents results obtained using two different cell
lines: white blood (BJAB) cells with anti CD20-gold nanoparticles
targeted to the CD20 proteins on their plasma membranes, and
epithelial MDA-MB-468 cells with anti EGFR-gold nanoparticles
targeted to the EGFR on their plasma membranes. These specific

antibodies were chosen for optimizing targeting efficiency and their
contribution to the overall effect of the laser irradiation is expected to
be restricted to a minor shift in the plasmonic resonance frequency.

Based on our experimental results, a schematic illustration of the
processes leading to high levels of ROS within irradiated nanoparti-
cle-targeted cells is shown in Fig. 8. By irradiating a cell with gold
nanoparticles either attached to one (or several) of its plasma mem-
brane receptors, or internalized inside the cell, ROS could be formed
as a result of three main processes: 1. Shock waves generated around
the gold nanoparticles due to the high local temperatures and pres-
sure gradients may produce energy densities sufficient for breaking
covalent bonds of nearby molecules40–43. When generated near nano-
particles that reside outside the cell (e.g. attached to its plasma mem-
brane), ROS molecules may diffuse into the cells through the plasma
membrane44 or penetrate through local membrane ruptures caused
by the shock wave itself. 2. Multiphoton ionization of molecules
within the narrow region around the particles where field enhance-
ment is high45 may lead to ROS formation as a result of breakage of
covalent bonds. One example would be the breakage of molecular
oxygen that generates superoxide and the subsequent production of
hydrogen peroxide either outside or inside the cell. Hydrogen per-
oxide is characterized46,47 by long half-life times, sufficient for diffus-
ing through the cells’ membranes and residing within the cells over
long periods. Experiments with nanoparticle-free cells which were
exposed to 50 fs pulses of 1.4 3 1013 W/cm2, well above the ioniza-
tion threshold, have shown (see supplementary Fig. 6) high intracel-
lular ROS formation (comparable to those shown in Figs. 1–2),
supporting the potential role of multiphoton ionization in the forma-
tion of ROS. 3. Cellular stress stemming from the mechanical forces

Figure 4 | ROS in epithelial breast cancer cells following laser pulse
irradiation. (a). Fluorescence (red ROS marker) superimposed on phase

contrast images of cells irradiated by up to six pulses (25 mJ/cm2 each).

Regions marked by yellow dashed curves represent large multinucleated

cells. Scale bar represents 40 mm. (b). Percentage of cells with ROS

concentrations above the basal level. Light blue column: percentage of cells

with high levels of ROS following incubation with Actinomycin D.

Figure 5 | Death of epithelial breast cancer cells as a result of ROS
produced by laser pulse irradiation. Red (necrosis) and green (apoptosis)

fluorescence distributions superimposed on phase-contrast images,

captured 22 h post irradiation. Irradiation parameters were similar to

those described in Fig. 3. Scale bar represents 80 mm. Bottom bar chart:

Percentage of apoptotic (green) and necrotic (red) cells. (*) indicates P ,

0.0003.

www.nature.com/scientificreports
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exerted on the cell by the expanding cavitation bubble48,49. Being a key
player in various cellular stress response processes50, ROS may result
from the activation of various cellular oxidoreductases which reside
in the mitochondria, on the plasma membrane and in the endoplas-
mic reticulum51. Results from experiments designed to study the
origin of ROS in irradiated nanoparticle-targeted cells (supplement-
ary Fig. 7) suggest that the mitochondria may not be the source of
ROS production following irradiation. Further research would be
required for elucidating the relative role of each of these processes
in the mechanism that leads to ROS formation under specific experi-
mental conditions.

In general, our approach for conveying selective damage to tar-
geted cancer cells, while sparing neighboring untargeted cells, could
be exerted through different paths that are briefly summarized in
Table 1. After only one or two pulses, high levels of ROS are accu-
mulated within the cells, which could lead to apoptosis within several
hours. A higher number of irradiation pulses could lead to additional
compromise of the plasma membrane integrity, promoting fusion
between neighboring cells27. Our results show that these cells also
contain high levels of ROS, often leading to their eventual death
within several hours. At seven or more laser pulses, ruptures in the
plasma membrane often result in rapid cell necrosis, where ROS
formation could only accelerate cell death. Finally, the technique
presented in this work would be mostly suitable for damaging cells
that are accessible to visible light, such as superficial tumors or
extracted blood, due to the peak resonance wavelength at 550 nm
of the gold nanospheres that does not penetrate deeply into tissue.
The use of antibody-coated gold nanorods with resonance wave-
lengths at the near infrared would enable deeper penetration into
scattering tissues; the efficiency and stability of these particles under
intense laser pulse irradiation will be determined in a future study.

In summary, we have shown that cells that were specifically tar-
geted by gold nanoparticles and irradiated by ultrashort laser pulses
contain high levels of ROS and consequently dye. This discovery
represents an important milestone toward the development of an
effective, highly specific cancer treatment, which could be combined
with conventional cancer therapies for the treatments of small and/or
metastatic malignancies.

Methods
Cell cultures. BJAB and K562 cells were grown at 37uC and 5% CO2 in RPMI-1640
medium (Sigma) and DMEM medium (Invitrogen), respectively, supplemented by
2 mM glutamine, 5 mM sodium pyruvate and 10% heat-inactivated fetal bovine
serum. Cells were maintained at a concentration below 106 cells per ml to allow
logarithmic growth. MDA-MB-468 cells were grown at 37uC and 5% CO2 in DMEM
medium (Invitrogen) supplemented by 5 mM sodium pyruvate and 10% heat-
inactivated fetal bovine serum. For contradicting the effect of ROS, cell cultures were
supplemented with fresh medium containing 500 mM ascorbic acid two hours prior
to irradiation.

Nanoparticle preparation. Gold nanoparticles were prepared using a citrate
reduction protocol52 resulting in an average particle diameter of 20 nm. Anti-CD20

Figure 6 | Ascorbic acid diminishes ROS levels and epithelial breast
cancer cells death following irradiation by laser pulses. (a). Fluorescence

(Red, CellROX) microscopy of cells 2 h post irradiation by six pulses

(22 mJ/cm2 each). Scale bar represents 40 mm. (b). Red (necrosis)

fluorescence superimposed on phase-contrast images captured 50 h post-

irradiation. Scale bar represents 20 mm. (c). Bar chart representing the

percentage of dead cells.

Figure 7 | ROS and cellular death in epithelial breast cancer cells induced
by Actinomycin D. Upper panels: red fluorescence indicates high levels of

ROS. Lower panels: red (necrosis) and green (apoptosis) fluorescence

distributions superimposed on phase-contrast images. Scale bar represents

80 mm.

www.nature.com/scientificreports
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(Rituximab, Roche Israel) coating of the gold nanoparticles was carried out according
to Weiss et al.53. Anti-EGFR (Lab Vision, clone designation EGFR.1) coating was
achieved by incubating anti-EGFR with OPSS-PEG2000-NHS (Jenkem) for 1 h in a
mole ratio of 152500, followed by additional 1 h incubation with gold nanospheres in
a mole ratio of 15106 nanospheres: OPSS-PEG2000-NHS.

Cell targeting by nanoparticles. BJAB cells (106 cells per ml) were incubated for
15 min at 37uC with 4 3 1010 anti CD20-coated gold nanoparticles per ml. Cells were
washed off unbound gold nanoparticles (three PBS washes) prior to laser irradiation.
A co-culture of 151 ratio BJAB:K562 cells was incubated under the same conditions as
described above. MDA-MB-468 cells were incubated for 60 min at 37uC with 2 3 1011

anti-EGFR-coated gold nanoparticles per ml. Incubation times for each cell line were
set for reaching saturation of the number of nanoparticles attached to each cell.

Fluorescence labeling. In the co-culture experiment, the nuclei of the BJAB cells were
stained blue using 1.3 mg/ml Hoechst (Aldrich) for 4 minutes at 37uC, followed by 3
PBS washes. Cells were stained for cellular ROS by incubation with 20 mM H2DCFDA
(Invitrogen) for 5 min at 37uC, or by incubation with 10 mM CellROXTM deep red for
1 h at 37uC. Fluorescence microscopy of the ROS levels was conducted approximately
90 min post-irradiation. The detection of intracellular ROS is highly sensitive to the
physiology and metabolism of the cells; hence, different ROS markers that operate
through different mechanisms are required for avoiding false positive results. While
high levels of ROS in BJAB cells were effectively detected using both H2DCFDA and
CellROX markers, ROS in MDA-MB-468 cells could not be detected by the
H2DCFDA marker, probably due to absence of cellular esterases required for
activating fluorescence32,33.

Staining for necrosis and apoptosis was carried out using 1 mg/ml Propidium
iodide (Sigma) and Annexin V kit (Roche), respectively. Mitochondrial oxidative
activity was detected by incubating the cells with 200 nM MitoTracker red (CM-
H2XRos; Invitrogen) for 25 min at 37uC.

Actinomycin D treatment of MDA-MB-468 cells. Cells were incubated with 10 mg/
ml Actinomycin D for 2 h, followed by three PBS washes.

Laser pulse irradiation. A beam from a Ti:sapphire oscillator (Tsunami, Newport
Corp.) was amplified (Spitfire Pro XP) and wavelength-tuned to 550 nm using an
optical parametric amplifier (OPA; Topas-C). Pulse duration was 50 fs, at 1 kHz
repetition rate. Cells were irradiated within eight-well chamber slides (Lab-Tek II,
Thermo-scientific) placed within a microscope stage incubator (Okolab Inc.) at
controlled temperature and CO2 concentration. The irradiated area of each cell
culture was approximately 100 mm2 and 16 mm2 for the BJAB and MDA-MB-468
cells, respectively, using repeated pulse irradiation at an array of approximately
300 mm diameter spots. Single pulse fluence was either 16.5 mJ/cm2 (3.3 3 1011 W/
cm2) or 24.5 mJ/cm2 (4.9 3 1011 W/cm2) for the BJAB and MDA-MB-468 cells,
respectively. Multiple pulse irradiations per spot was achieved by tuning the beam
scanning rates so that each culture location was irradiated by the desired number of
overlapping spots.

Data analysis. Selected images of BJAB and MDA-MB-468 cells, acquired 90 min
after irradiation, were used to estimate the percentage of cells with high levels of ROS
using NIS-Elements Advanced Research (Nikon) software. The percentage of cells
with ROS levels above twice the basal level of the control cells (nanoparticle-free, non-
irradiated) was evaluated for different irradiation parameters using manual cell
counting. In cultures where cell fusion was abundant, each nucleus within the fused
cells was considered as a single ROS-expressing cell, resulting in up to 10% bias of our
estimation toward higher abundance of cells affected by ROS. Selected images of
MDA-MB-468 cells, acquired 22 h and 50 h post irradiation were used to estimate
the percentage of dead (necrotic, apoptotic or cell cadavers) cells for different
irradiation parameters using manual counting. The statistical significance of the
results was assessed using a two-proportion z-test.

Figure 8 | Schematic illustration of the proposed model for the processes leading to high levels of ROS in nanoparticle-targeted cells irradiated by
femtosecond pulses.

Table 1 | Effect of the number of irradiating pulses on cell fate

# of pulses Damage mechanism Effect

1–2 ROS Apoptosis
3–6 ROS 1 cell fusion Apoptosis, necrosis, multi-nuclei cells
7– ROS 1 cell fusion 1 membrane rupture Necrosis

www.nature.com/scientificreports
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