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Usually, only focused femtosecond (fs) lasers at near-infrared (NIR) range can induce photo-
damage to transparent cells, making it di±cult to treat large amount of cells by such optical
methods for photostimulation. In this study, we clarify the mechanism of photodamage to cells
that are co-cultured with gold nanorods (GNRs) by fs laser. The pulse duration and repetition
rate of the fs laser play a key role in cell damage suggesting that the heat accumulation con-
tributes to the major part for the cell damage rather than the high peak power which mainly
determines the e±ciency of multiphoton excitation. We further show that cellular Ca2þ can also
be released in this scheme, but the process is more sensitive to peak power. Our results can
provide a large-scale GNR-mediated photostimulation for cell signaling modulation.
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1. Introduction

Nanoparticles have been demonstrated and ex-
perimentally realized for a long time with great
advantages for biological and medical applications.
In the past decades, signi¯cant progress has been
made with nanoparticles on tissue imaging, sens-
ing, drug delivery and therapy.1,2 The functions

and applications of nanoparticles can be further
improved and extended when combined with lasers
by their strong response to photons. For example,
nanoparticles can work for delivering and releasing
drugs e±ciently or directly providing damage e®ect
to targeted cells or tissue when excited by lasers.3–5

Gold nanorods (GNRs) are an important type of
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nanoparticles since their toxicity to cells is relatively
low due to their chemical stability.6 They can be
easily synthesized with designed size and shape
which determines their spectral response and ex-
tinction e±ciency.7

As the classic \optical window", photons in the
near-infrared (NIR) band can hardly stimulate cells
due to the relatively low absorption. GNRs with
specially designed shape can stain cells with mini-
mal damage and enhance response to photons at
NIR range.7–9 Therefore, GNRs are widely used as
photosensitizers due to their high absorption to
photons to generate heating e®ect. The heat will
physically disturb cell processes, damage molecules
and cellular structures, and may stimulate mito-
chondria to release ROS.10,11 In this regard, apo-
ptosis or necrosis can be induced by such high ROS
level.12 If the heating is too intense, cells will be
killed directly.

Several theories on the mechanism of laser ex-
citing nanoparticles have been investigated. It is
not too di±cult to heat nanoparticles as long as
the laser wavelength matches the extinction spec-
trum of nanoparticles.13 When applied to cells, an
important issue is to strictly con¯ne the thermal
damage to targeted cells while minimizing the side
e®ect to surroundings. Therefore, ultrashort
pulsed lasers are used to minimize heating di®u-
sion by decreasing linear accumulation of photo-
thermal heating while still inducing e®ective
heating and transient high temperature to GNRs
in targeted cells. According to previous reports,
those ultrashort laser pulses heat nanoparticles
very fast and then release thermal energy in the
form of tiny shockwave, instead of releasing heat
linearly to a large area in the case of continuous-
wave laser irradiation.14 The physical mechanism
of GNRs responding to laser irradiation is com-
plicated, and it is believed that some nonlinear
and plasmonic processes are simultaneously in-
volved.15–17 The two-photon luminescence (TPL)
from GNRs excited by femtosecond (fs) lasers
suggests that the multiphoton process may also
take place.18–20 Here, the frequency of incident
photons matches the eigenfrequency of electron
oscillation in the GNR's surface that can induce
surface plasmon resonance (SPR). Hence, the ul-
trahigh peak power of fs laser pulses can easily
excite intense electron oscillation in the surface of
GNRs, which may then absorb more energy from
incident photons and release energy via photon

radiation or thermal relaxation. In this regard, the
nonlinear processes in GNRs could also contribute
to cell damage when irradiated by fs lasers. To
clarify the processes of photons exciting GNRs, we
utilized fs lasers with di®erent pulse durations and
repetition rates to study cell damage with GNRs
at di®erent conditions. All cells in an area with a
1-mm diameter were irradiated simultaneously. By
investigating the key factor that dominates GNR-
mediated cell damage with tunable fs lasers, we
found that heat accumulation, determined by
pulse duration and repetition rate, plays a key role
in cell damage rather than the peak power of laser
pulses. The GNR-enhanced cellular sensitivity to
photons could be then applied to large-scale cell
signaling modulation.

2. Experimental Methods

To scale cell viability, mitochondrial membrane
potential (MMP), an important and classic indica-
tor of initial apoptosis and fast necrosis, is probed
here to evaluate cell damage by labeling mitochon-
drial membrane with JC-1 and TMRM (life technol-
ogy).21,22 Generally, the signi¯cant and irreversible
decrease of MMP indicates death of cells (slow and
fast decrease correspond to apoptosis and necrosis,
respectively).23,24 To be simple, in this study, cell
damage was indicated by MMP level without dif-
ferentiating apoptosis or necrosis.

HeLa cells were cultivated in Dulbecco's modi¯ed
Eagle's medium containing 10% fetal bovine serum,
2mM L-glutamine, and 1% (v/v) penicillin/strep-
tomycin at 37

�
C with 5% CO2. Before microscopic

experiments, cells were seeded in 35mm glass-
bottom (0.17mm thick) dishes, and cultured with
GNRs (Nanopartz Inc.) at 120 pM for 36 h to
minimize the transient damage e®ect of GNRs.25

The length and width of GNRs here were 65 nm and
10 nm, respectively, with a length/width ratio 6.5
corresponding to the SPR peak at 1045 nm. The
surface of GNRs was coated with amino acid to
minimize the toxicity to cells. When staining cells,
GNRs could di®use through cell membrane with
moderate damage to cells by a®ecting permeability
of cellular membrane or endocytosis process.26,27

Hence, the concentration of GNRs could be neither
too low (to maintain good sensitivity of cells to laser
irradiation) nor too high (to protect cells from
toxicity of GNRs).
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3. Results and Discussions

Co-culturing with GNRs is relatively safe to cells.
The viability of cells after 36-h staining with GNRs
was measured as presented in Fig. 1(a). It can be
found that those cells were quite healthy compared
with control group.

Without GNRs, laser irradiation at NIR band to
cells could hardly provide any stimulation to them
due to the relatively low absorption. In contrast,
cells would su®er photothermal damage when irra-
diated by fs lasers with GNRs inside, which was
mainly determined by the parameters of the laser.
The damage e®ect to cells could not be simply
evaluated by the total laser energy (irradiation
dose). For example, when cells were exposed to
lasers with the same total energy, the high-power
and short-time irradiation may cause much more
serious cell damage than the low-power but long-
time treatment. The situation became much more
complicated when more parameters of fs lasers were
involved. The pulse duration and repetition rate
determined the heating and thermal accumulation/
release process, while the peak power in a pulse
in°uenced the mechanism of heat generation and
nonlinear excitation e±ciency. It should be noted
that such parameters may not be totally indepen-
dent from each other. Here, we utilized fs-pulse
Yb3þ-doped ¯ber ampli¯er at 1040 nm for cell
damage study with GNRs to clarify the actual
process. The laser beam was focused to a spot with
diameter at 1mm for cell irradiation. To test

e®ectiveness of such GNRs-mediated photodamage,
the ampli¯er was tuned to provide an output at 134-
fs pulse with 0.55-W average power at 1-MHz rep-
etition rate. As shown in Fig. 1(b), MMP decrease
was proportional to irradiation duration, indicating
such laser irradiation intensity could signi¯cantly
damage cells. As a control, cells without GNRs
showed no signi¯cant response to such laser
treatments.

To investigate the contribution of peak power of
laser pulses to cell damage by laser irradiation, the
pulse duration of the laser was tuned to 60 fs and
600 fs, respectively. Cells with GNRs, divided to
two groups, 60-fs and 600-fs group, were then
treated at the same mean power of 0.5 W (55 W/
cm2) both for 90 s (6� 103 J/cm2). In this way, the
two cell groups consumed the same pulse energy,
mean power, and total energy. The di®erences of
the laser parameters in those two groups were hence
only pulse duration and peak power, inducing dif-
ferent peak powers and thermal e®ects. Here, we
considered that the nonlinear processes that could
contribute to cell damage, if any, was determined by
peak power of laser pulses because they mostly rely
on transient photon density.15,28 As shown in Fig. 2,
cells in 600-fs group irradiated with 10-fold lower
peak power of laser pulses showed more MMP de-
crease, indicating much higher cell damage. The
thermal accumulation of 600-fs pulses was stronger
than that of 60-fs pulses due to higher duty
cycle,29,30 but the nonlinear e®ect by the 600-fs
pulses was much weaker than that by 60-fs pulses.
Therefore, this result suggests that heat accumula-
tion may be the dominant contribution to cell
damage rather than nonlinear e®ects when heated
with relatively low-power fs laser.

Repetition rate of laser pulse train is another
important factor for heat accumulation. To clarify
the in°uence of this parameter, another fs-pulse
¯ber ampli¯er also at 1040 nm but with a 36-MHz
repetition rate (pulse duration: 134 fs) was used
here to further investigate cell response to di®erent
laser irradiations with GNRs. At ¯rst, a group of
cells (Group 1) was irradiated by the 1-MHz laser
(the pulse duration was tuned to 134 fs to be con-
sistent with the 36-MHz laser) at 0.13W for 800 s
while the second cell group (Group 2) was treated
with the 36-MHz laser at 4.64W for 22.23 s, which
ensured cells in those two groups su®ering the same
laser pulses (the same pulse energy, pulse duration,
and peak power), pulse number, and total energy.

(a) (b)

Fig. 1. Cell viability assay with GNRs: (a) Hela cells stained
with GNRs at 120 pM for 36 h (n ¼ 29) showed no toxicity
response compared with the control group (n ¼ 38). No sta-
tistical di®erence. (b) Cells with GNRs were very sensitive to
laser irradiation (0.55W, 1MHz, 134 fs) with di®erent irradia-
tion durations (n ¼ 46, 45, 46, and 71, respectively, for four
di®erent irradiation durations (0, 80, 120, and 300 s)). In con-
trol group, there was only a moderate decrease of MMP
(n ¼ 40, 64, 27, and 42, respectively, for four irradiation con-
ditions). Two groups at each exposure duration, ***P < 0.0001,
by Student's test.
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(a) (b)

Fig. 2. Cell damage depends on pulse duration. Cells were treated with an fs laser at 0.5W with 1-MHz repetition rate for 90 s with
di®erent pulse durations at 600 fs (n ¼ 17) and 60 fs (n ¼ 31), respectively. The cellular MMP in 600-fs group showed higher
decrease. **P < 0.001, by Student's test. Down: °uorescence photos of cellular MMP. Bar: 50 �m.

(a)

(b)

(c)

Fig. 3. Cell damage was quite dependent on repetition rate. More MMP decrease could be found with laser irradiation with higher
repetition rate, with no matter the same pulses ((a), ***P <0.0001, by Student's test.) or the same mean power and total energy
from 1-MHz and 36-MHz lasers ((b), ***P <0.0001, by Student's test.). Bar: 50 �m. (c) Scanning electron microscopy images of
GNRs. Left: without laser treatment; Middle: GNRs in Group 2; Right: GNRs in Group 4. No melt or shape changes of GNRs were
observed. Bar: 1 �m.
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In this way, the only di®erence of laser irradiation
between Groups 1 and 2 was the repetition rate. As
shown in Fig. 3(a), more signi¯cant cell damage in
Group 2 could be found while Group 1 su®ered very
little damage, indicating heat accumulation played
a key role in such photodamage process. It could be
observed in Group 2 that cell membrane was greatly
damaged directly according to the white-light mi-
croscopy. For further veri¯cation, one more cell
group (Group 3) was irradiated by the 1-MHz laser
at 0.4W for 240 s and the last group (Group 4) of
cells was irradiated by the 36-MHz laser also at
0.4W for 240 s. In this case, the mean power and
total energy of two lasers were kept the same but
pulses and repetition rate were di®erent. Interest-
ingly, cells in Group 4 again showed greater damage
(Fig. 3(b)), even though Group 3 su®ered 36-fold
higher peak power and larger pulse energy. Para-
meters of laser irradiation for these four groups are
listed in Table 1. Therefore, it can be concluded
that repetition rate and pulse duration, which de-
termine the heat accumulation e®ect, dominate cell

damage under fs-laser irradiation with GNRs. It
should be noted here that in all experiments, in this
study, GNRs were not melt during laser treatment
(Fig. 3(c)) since the laser power/energy used here
was still relatively low, which is also in good
agreement with previous studies.31–33

Cellular response to such laser stimulation is
actually more complicated than simple cell damage.
Cellular molecules could be also in°uenced by such
stimulation. We show here that such stimulation
can be used for excitation of cellular Ca2þ increase
but with a di®erent mechanism from cell damage.
With the 36-MHz laser at ¯rst, cells were treated at
2.32W for 6 s but no Ca2þ increase was observed.
However, if the power was boosted to 4.64W, sig-
ni¯cant Ca2þ increase could be found in all irradi-
ated cells for only 3 s (remaining the same total
energy) as shown in Fig. 4(a). Even if the exposure
duration was decreased to 1 s, signi¯cant Ca2þ in-
crease still could be found. Therefore, we believe
that Ca2þ increase is also sensitive to peak power of
laser pulse. To con¯rm this point, cells were then

Table 1. Cells were treated with fs lasers with di®erent parameters.

Cell group Repetition rate Power Irradiation duration Pulse duration Total energy

1 1 MHz 0.13 W 800 s 134 fs 103 J
2 36 MHz 4.64 W 22.23 s 134 fs 103 J
3 1 MHz 0.4 W 240 s 134 fs 96 J
4 36 MHz 0.4 W 240 s 134 fs 96 J

(a) (b)

Fig. 4. Laser irradiation could induce global Ca2þ-level increase in GNR-stained cells. (a) Cells were treated with the 36-MHz
lasers at di®erent conditions (n ¼ 66, 48 and 56, respectively in such three di®erent groups). There were nearly no Ca2þ-increase in
Group 1 but signi¯cant Ca2þ-increase in Groups 2 and 3, indicating Ca2þ-increase was partially-dependent on peak power.
***P < 0.0001, by Student's test. (b) Cells were treated with the 1-MHz laser at 0.38W for 240 s with di®erent pulse duration.
(n ¼ 31 at 46 fs, n ¼ 32 at 134 fs, and n ¼ 31 at 460 fs, respectively). ***P < 0.0001, by Student's test. Ca2þ increased less if the
pulse duration increased suggesting the dependence on peak power, and then again highly increased if the pulse duration was long
enough, indicating the dependence on thermal accumulation. Bar: 50 �m.
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treated with the 1-MHz laser at 0.38W for 240 s
with 134-fs and 46-fs pulse duration, respectively,
which has the same pulse energy but about three-
fold di®erence in peak power. It can be found in
Fig. 4(b), the 46-fs laser induced much higher Ca2þ
level increase than the 134-fs laser, suggesting that
Ca2þ increase is more dependent on peak power. If
the pulse duration was tuned to 460 fs, Ca2þ con-
centration then returned back to higher level be-
cause the thermal e®ect was too large. Therefore,
cellular Ca2þ increase is partially-dependent on
peak power when the thermal e®ect is not too high.

4. Conclusions

In conclusion, we show that repetition rate and
pulse duration of fs-laser pulses that determine heat
accumulation in laser irradiation to GNRs play a
key role in cell damage. Lasers with longer pulse
duration and higher repetition rate induce more
MMP depolarization at the same mean power and
total energy. Such stimulation can be used for cel-
lular Ca2þ increase which is found partially-depen-
dent on peak power of laser pulses. Our results thus
provide a better understanding for excitation to
GNRs by fs lasers and an optical method for large-
scale cellular Ca2þ-modulation, which can be applied
for activation of tissue Ca2þ signaling and thus fa-
cilitate optical engineering of gene expression.
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