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Abstract—Cell membranes are susceptible to biophysical
damages. These biophysical damages often present them-
selves in challenging oxidative environments, such as in
chronic inflammation. Here we report the damage evolution
after single myoblasts were individually subjected to fem-
tosecond (fs) laser photoporation on their plasma mem-
branes under normal and oxidative conditions. A well-
characterized tunable fs laser was coupled with a laser
scanning confocal microscope. The post-damage wound
evolution was documented by real-time imaging. The fs laser
could generate a highly focused hole at a targeted site of the
myoblast plasma membrane. The initial hole size depended
on the laser dosage in terms of power and exposure duration.
With the same laser power and irradiation duration, photo-
poration invoked bigger holes in the oxidative groups than in
the control. Myoblasts showed difficulty in repairing holes
with initial size beyond certain threshold. Within the thresh-
old, holes could apparently be resealed within 100 s under the
normal condition; while in oxidative condition, the resealing
process could take 100–300 s. The hole-resealing capacity of
myoblasts was compromised under oxidative stress par-
ticularly when the oxidative exposure was chronic. It is
interesting to note that brief exposure to oxidative stress
apparently could promote resealing in myoblasts after
photoporation.

Keywords—Femtosecond laser photoporation, Plasma mem-

brane damage, Damage evolution and repair, Oxidative

stress.

INTRODUCTION

Plasma membrane damage is common for cells in
load bearing tissues such as skeletal and cardiac mus-
cles, which are constantly exposed to biophysical
stresses.2,18 In the normal condition and when the
damages are within certain threshold, cells can repair
their plasma membrane damage.19,24 To repair plasma
membrane disruptions in a timely manner, cells initiate
a membrane patching process to rapidly reseal the
membrane breach.24,27 The cytoskeleton is reorganized
to facilitate the repair process.5,16 While the molecular
responses to cellular damages have been well studied,
such as the engagements of annexin,17 MG53,7 Rho
family GTPases,5 E-cadherin1 and so on, the bio-
physical processes of damage development and dam-
age repair have been reported relatively less.

Oxidative stress is a physiological condition when
the reactive oxygen species generated exceed the coping
capacity of cells. Oxidative stress are reportedly asso-
ciated with many pathological conditions, such
inflammation,6 muscle atrophy,21 cancer,12 Alzhei-
mer’s diseases4 etc. To cope with oxidative stress, genes
for specific enzymes and proteins that serve protective
functions are up-regulated; while others are down-
regulated to conserve energy.9,13 Our group has
recently reported that oxidative stress could affect
myoblast stiffness via the RhoA signaling pathways,25

and the cytoskeletal actin polymerization in myotubes
via regulatory proteins cofilin and thymosin-beta-4.28

We hypothesized here that oxidative stress may make
cells more vulnerable to biophysical damages and
adversely affect the subsequent repair process. This
hypothesis was supported by our recent findings that
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oxidative stress could affect the damage thresholds of
myoblasts in monolayer subjected to a spatially varying
compressive stress field under indentation.29 In this
paper, we aimed to study how oxidative stress may affect
the damage-repair kinetics of single myoblasts by indi-
vidually perforating single site on plasma membrane.

Many approaches have been developed to perforate
plasma membrane for drug/gene delivery and other
biomedical applications, including micropipette
manipulation,8,26 electroporation,10,22 and ultrasound
sonoporation.12,15,30 However, micropipette
manipulation requires sophisticated skills, lacks a
reliable measurement of damage dosage, and thus does
not facilitate a precise and repeatable control for
studying single cell damage. Electroporation and
sonoporation, on the other hand, can provide quanti-
tative damage dosage on many cells, but are not able to
target damage at a specific site on single cells. Among
all the perforation techniques, femtosecond laser,
known for minimum collateral damage due to its
ultrashort pulses, can be used as a site-specific, non-
contact, controllable and quantifiable method with
high temporal and spatial accuracy.3,11 In this study,
we applied femtosecond laser photoporation as the
damage method to disrupt a highly specific membrane
site with precise control of damage dosage.

Our overall hypotheses for this study were as fol-
lows. First, cell wound would vary in size with different
fs laser dosages. Second, cell damage-repair evolution
would differ if the cell is exposed to an oxidative
environment.

MATERIALS AND METHODS

Laser Setup

A Ti: Sapphire mode-locked fs laser (MaiTai HP,
Spectrum Physics Inc.) was coupled with a fluorescent
laser scanning confocal microscopy system (TCS SP5,
Leica Microsystems) as the experimental platform
(Fig. 1). The fs laser was able to target the highly-
focused single-site damage on the plasma membrane of
selected cells. The confocal microscope was used to
acquire real-time live images of wound evolution pro-
cess after fs laser photoporation.

In our experiment, the wavelength of the MaiTai
HP fs laser (output wavelength range 690–1020 nm,
repetition rate 80 MHz) was set at 800 nm. It could
generate 100 fs laser pulses with an average power
range of 40–120 mW at 800 nm. The pulsed laser beam
was directed into the confocal microscope light path
and tightly focused to a femtolitre focal volume at the
basal plasma membrane by a 639 water immersion
objective with a numerical aperture (NA) of 1.2. With

this femtosecond laser apparatus, a focal perforation
could be generated on the plasma membrane of a
single cell. Argon laser at 488 nm and He–Ne laser at
633 nm were both applied in the experiment to excite
the fluorescent staining of the cells.

Cell Sample Preparation

Cell Culture

C2C12 myoblasts (#CRL-1772, ATCC Organiza-
tion) were seeded in 35 mm confocal dish (SPL Life-
sciences Inc.) at a density of 50,000 cells per dish.
Dulbecco’s modified Eagle medium (DMEM, gibco�,
Life Technologies Inc.) supplemented with 10% Fetal
Bovine Serum (FBS, gibco�, Life Technologies Inc.)
and 1% Penicillin streptomycin (Pen Strep, gibco�,
Life Technologies Inc.) was used as the culture medi-
um. The sample dishes were then placed in an incu-
bator at 37 �C temperature and with 5% carbon
dioxide for 48 h to foster cell attachment and prolif-
eration.

H2O2 Treatment

Hydrogen peroxide (H2O2, Unichem Inc.) was
employed as an extrinsic oxidant in the experiment to
impose oxidative stress on the myoblasts. In this study,
two different concentrations of H2O2 were applied to
the cells—2 and 0.5 mM.23,25 To study the chronic and
acute effects of the imposed oxidative stress, two
treatment duration were chosen—1 and 24 h. More
than 90% cells showed signs of being severely insulted
when myoblasts were treated with 2 mM H2O2 for
24 h. Thus 2 mM H2O2 treatment was only used in the
1 h acute oxidative study. In all, we have 3 groups of
oxidative stressed C2C12 myoblast cells—0.5 mM
H2O2 for 1 h, 0.5 mM H2O2 for 24 h and 2 mM H2O2

for 1 h.
For acute H2O2 treatment groups (0.5, 2 mM/1 h),

the C2C12 cells were first seeded in a confocal dish and
incubated for about 46 h. The cells were taken out
from the incubator and the culture medium was then
replaced by the 0.5/2 mM oxidative medium. The cells
were put back into the incubator for 1 h. After that,
the cells were taken out of the incubator and rinsed
with PBS for 3 times. The H2O2 treated cells were then
ready for staining.

For the chronic H2O2 treatment group (0.5 mM/
24 h), the cell culture medium was replaced by the
oxidative medium after only 24 h incubation of the
seeded cells and the oxidative treatment lasted for
another 24 h, all in a 37 �C and 5% carbon dioxide
incubation environment. After that, the cells were
taken out of the incubator and rinsed with PBS for 3
times before staining.
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Cell Staining Method

All the cells were first stained with calcein AM
(excitation/emission maxima: 488/536 nm Molecular
Probes�, Life Technologies Inc.) at a concentration of
1 lg/mL for signaling cell viability. After 10 more
minutes of incubation, the medium was removed and
the cells were washed 3 times using PBS. The cells were
then stained with a plasma membrane dye (excitation/
emission maxima: 650/680 nm, CellMask, Molecular
Probes�, Life Technologies Inc.) at a concentration of
5 lg/mL and incubated for another 10 min. Likewise,
after incubation, the medium was removed and the
cells were washed 3 times. Fresh culture medium was
then added into the sample dish. The cells sample was
ready for the laser photoporation experiment.

Fs Laser Operation and Imaging Protocol

Power Measure and Calibration

In this study, the fs laser was set at 3 average
powers, namely 55/80/110 mW to deliver photopora-
tion damage on the plasma membrane. The laser
power was first calibrated as follows.

A slide power meter (Thorlabs Co Ltd.) was em-
ployed to measure the average power irradiated on the
sample. As shown in Fig. 1, the power meter was
placed at the same position as the cells sample. The
MaiTai HP fs laser control system was integrated with
the confocal microscopic control software (Leica LAS
AF). The power of the fs laser was tuned in the LAS
AF software system. A 10-s fs laser irradiation was
executed for testing. The average irradiation power
was measured by the power meter. The testing proce-
dures were repeated several times and every time the
laser power was adjusted until the specific average
power (e.g., 55 mW) was attained. Then the laser
power was fixed in the control software and testing was
conducted for another 3 times to assure the average
power is stable. Once the laser power was found stable
at the target power, the fs laser was ready for plasma
membrane photoporation experiment.

The laser average power was calibrated once every
2 h during the experiment just in case the fs laser
power drifted from the desired settings.

Fs Laser Irradiation Protocol

After the fs laser was calibrated at the target power,
the power meter was removed from the stage and the
cells sample was placed on the stage instead. A living
cell with calcein staining was selected and identified
under the confocal microscope. The fs laser was then
focused at a specific site on the basal plasma mem-
brane of the cell. The fs laser irradiation site was a

roughly round spot with an aspect ratio of 0.9–1.1. The
diameter of the fs laser light spot could be estimated by
Rayleigh’s Criterion:

d ¼ 0:61k
NA

ð1Þ

where k is the wavelength of the fs laser light, NA is the
numerical aperture of the objective. In this study, the
diameter of the light spot was estimated roughly at
407 nm. The depth of the spot could be estimated by
the axial resolution of the confocal microscope at fs
laser wavelength, which is usually given as:

Raxial ¼
0:88k

n�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2 � ðNAÞ2
q ð2Þ

where k is the wavelength of the illuminating light
(for calculating depth of fs laser spot 800 nm), n is
the refractive index of the immersion medium (1.33),
NA is the objective numerical aperture (1.2).20 Thus,
the depth of the fs laser spot was estimated to be
931 nm.

The criteria of choosing the fs laser irradiation site
were as follows:

(a) on the basal plasma membrane;
(b) generally along the long axis of the cell;
(c) preferentially on the side with a larger mem-

brane area;
(d) roughly at the midpoint between the cell

boundary and the nucleus envelope.

The fs laser irradiation time was set as 2 ms in all
the experiments in this study.

After a cell was irradiated by the fs laser at a specific
point on the basal plasma membrane, an elliptical hole
emerged at the irradiation site of the cell.

Imaging Protocol

A specific region for image was manually selected in
the microscopic imaging suite (LAS AF software,
Leica Microsystems) to narrow down the image field to
a single cell size. Then a 3D volume fluorescent scan-
ning of the cell was taken (~0.5 lm per layer) at the
speed of 1.3 s per frame before fs laser irradiation. The
scanning image size of each layer was 512 9 512 pixel.
Following the 2 ms fs laser irradiation, a sequence of
2D time-lapse images at a time interval of 5.2 s were
acquired immediately. This real-time post-damage
observation lasted up to 5–7 min.

Data Analysis

The hole size was calculated by a self-developed
MATLAB programme (Version 2012, the Mathworks
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Inc.). Feature comparisons among different groups
were processed by the GraphPad Prism software
(Version 5, GraphPad Software Inc.) based on the
Student’s t test. Data correlations were studied by the
Pearson product-moment correlation coefficient
(Pearson’s r). Sample size was determined by the sta-
tistical power analysis.

RESULTS

Scenarios of Damage Evolution

Four scenarios of damage evolution were found
after single cell fs laser photoporation in all.

(i) The fs laser-induced hole was gradually
resealed within the 5 min observation. An
example was shown in Fig. 2.

(ii) The fs laser-induced hole became smaller but
not fully resealed (Fig. 3).

(iii) The cell was split and fell apart after fs laser
photoporation (Fig. 4).

(iv) The post-damage wound dynamics had two
phases—resealed and re-split. In the first
phase, the initial laser-induced hole was re-
sealed. In the second phase, another hole

close to the site of the initial hole emerged
and expanded (Fig. 5).

Scenarios (i) and (ii) were most frequently observed.
The two scenarios accounted for ~95% among all the
cells after photoporation by 55/80/110 mW for 2 ms.
Scenarios (iii) and (iv) were much less common. This
showed that the cells generally launched a resealing
response to the laser photoporation. This resealing
process could be a reasonable indicator of the self-
repair ability of a cell.

Initial Hole Size (IHS)

The initial wound size of the plasma membrane
varied with the dosage of fs laser irradiation. With
2 ms fs laser irradiation, the higher the laser power, the
bigger the wound would be. As shown in Fig. 6a, the
average hole size for 55 mW irradiation was 3.7 lm2,
which was smallest in the three groups. The group of
80 mW showed a larger average hole size of 7.0 lm2.
The 110 mW group showed the biggest average hole
area of 14.8 lm2. The hole size was positively corre-
lated with the laser power (correlation coefficient
r = 0.984), suggesting that the initial hole size could be
taken to reflect the damage level of the fs laser irra-
diation.

FIGURE 1. The schematic of the experimental setup.
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IHS in the oxidative stress groups showed striking
differences compared to the control groups (Fig. 6b).
The average hole sizes in the 0.5 mM/24 h H2O2

group (6.6 lm2) were significantly larger than those in
the 0.5 and 2 mM/1 h groups. The average hole sizes
in the 2 mM/1 h group (5.5 lm2) was slightly larger
than that of the 0.5 mM/1 h group (5.4 lm2), but
there was no significant difference between the two
groups. These results supported that chronic oxida-
tive stress could make plasma membrane more vul-
nerable to biophysical damage than acute oxidative
stress.

Resealing Ratio

The resealing results varied. Some cells were capable
of fully resealing the wound induced by photoporation,
while some could only partly reseal the wound. The
hole size data showed that whether a cell could reseal a
photoporated wound depended on the initial hole size.
As shown in Fig. 7a, for the holes with size below
5 lm2, the resealing ratio (the ratio of the number of
the cells with their wounds resealed to the total number
of photoporated cells) was up to 100% (including one
re-split cell), while only 25% of the photoporated cells

FIGURE 4. Wound dynamics of a split cell after photoporation by 80 mW laser for 2 ms. The white arrow pointed to the initial hole.
The dashed white line showed the split parts of the cell.

FIGURE 2. Wound dynamics: the fs laser-induced hole was fully resealed. The cell was damaged by 55 mW laser for 2 ms. The
white arrow pointed to the initial hole.

FIGURE 3. Wound dynamics: the fs laser-induced hole became smaller but not fully resealed after 5 min. The cell was damaged
by 110 mW laser for 2 ms. The white arrow pointed to the initial hole.
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had the ability to reseal holes with size above 5 lm2.
The significant difference indicated that the cells had
difficulty coping with bigger holes.

Apparently, the cells showed good hole-repair
ability (resealing ratio 100%) if the hole was smaller
than 5 lm2. Thus holes smaller than 5 lm2 are within
the safe range of repair. For holes bigger than
10 lm2, the damage was beyond the self-repair ability

of the cells and all the holes remained unsealed. For
the interim range with hole size from 5 to 10 lm2,
only some of the cells could repair themselves
(~44%). Based on this observation, three damage
ranges are partitioned according to the initial hole
size: safe range, IHS< 5 lm2; interim range,
5 lm2< IHS< 10 lm2; fatal range, IHS> 10 lm2

(see Fig. 7a).

FIGURE 5. The resealing and re-splitting wound dynamics of a cell. (a, b, c) The initial hole resealing phase; (d, e, f) The re-split
phase. (a) The initial hole was induced by 55 mW/2 ms laser. (b) The initial hole was resealed ~25 s after laser irradiation. (c) The
plasma membrane remained intact at ~68 s. (d) A new hole emerged ~73 s after laser irradiation. (e, f) The newly emerged hole
expanded. The white dashed lines circled the holes on the plasma membrane. The blue rectangles denoted the zoom area of hole
size.
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Resealing ratio of the three oxidative groups were
calculated and compared to that of the control group.
As shows in Fig. 7b, while the resealing ratio in the

control group was high up to 100%, the 0.5 mM/24 h
H2O2 group showed a much lower resealing ratio at
45.5%. This indicated that long exposure of oxidative
stress significantly compromised the self-repair ca-
pacity of myoblasts for biophysical damage on the
plasma membrane. On the other hand, both the 0.5
and 2 mM/1 h H2O2 groups kept a relatively high re-
sealing ratio above 90%.

Resealing Time

In normal condition, the hole resealing was a fast
process. Hole resealing time was estimated according
to the hole size analysis of an image at a specific time.
When the estimated hole size became smaller than a
pixel and the hole disappeared in the acquired image,
the image capture time was defined as the hole
resealing time. All the cells that have successfully
resealed the hole could complete the resealing process
within 300 s. Among them, over 90% of the resealed

FIGURE 6. IHS in different groups. (a) Comparison of the IHS with different laser power levels. IHS of 80 and 110 mW groups were
both significantly larger than that of the 55 mW groups. IHS of the 80 and 110 mW groups were also significantly different. (b) The
Box-and-Whisker Plots of IHS of the control groups and the three H2O2 treatment groups (laser: 55 mW/2 ms). All of the three H2O2

groups showed significantly larger holes compared to the control group. (*** p< 0.001; ### p<0.001; ## p< 0.01; # p< 0.05).

FIGURE 7. Cell resealing ability comparisons. (a) The IHS and resealing results of individual cells after photoporation by 55/80/
110 mW laser for 2 ms, showing the mean and range of IHS of each group. (b) The resealing ratio of the control groups and the
three H2O2 treatment groups after single cells were photoporated by 55 mW laser for 2 ms.

FIGURE 8. The scatter plots of the hole resealing time of the
control groups and the three H2O2 treatment groups, showing
the mean and standard deviation of each group. All cells were
irradiated by 55 mW/2 ms fs laser.
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cells had the hole resealed within 100 s. (The analysis
was based on the resealed cells of all 55, 80 and
110 mW laser insult groups.)

The time to reseal the hole induced by 55 mW/
2 ms fs laser was measured in the three oxidative
groups (Fig. 8). The resealed holes in the control group
were all resealed within 100 s. Compared to the control
group, the holes in the H2O2 treated groups resealed
much slower. The resealing time was mostly between
100 and 300 s. There were no clear differences in the
resealing time among the three oxidative groups.

DISCUSSION

Wound Evolution Features in Normal Conditions

From the scenarios of wound evolution, the wound
of most cells (>90%) became smaller within the 5 min
of post-damage observation. This indicated that cells
generally launched a resealing process after fs laser
photoporation. However, not all the resealing process
could lead to complete wound closure. The resealing
result was probably dependent on the IHS. This
observation was consistent with the downstream repair
process of cells after sonoporation.14 Cells could more
likely close their wounds when the initial would size
was smaller. The safe range was suggested to be with
IHS below 5 lm2, and the fatal range was suggested to
be above 10 lm2. IHS was also directly correlated with
the fs laser dosage. This showed that the fs laser dosage
should be carefully optimized if fs laser is to be
employed in biomedical applications. In our
experiments, the fs laser dosage of 55 mW/2 ms was
able to contain the IHS within the safe range. Among
the cells that were able to fully reseal their wounds,

over 90% had their holes resealed within 100 s. This
suggested that the wound closure was a fairly fast
process. For cells such as skeletal muscle cells and
cardiac myocytes that often sustained repetitive plasma
membrane disruptions during exercise, such capacity
for wound closure was critical to tissue homeostasis
and function sustainability.

General Difference Between the Oxidative Groups
and the Control

The holes generated by fs laser in the oxidative
groups were significantly bigger than those in the
control. IHS in the oxidative groups were on the
average beyond the formerly-defined safe range. With
such bigger IHS, the resealing ratios of the three
oxidative groups decreased accordingly. The resealing
time for wound closure in the oxidative groups was
much longer than that of the control. There results
demonstrated that if the cells were already subjected to
oxidative stress, their wound evolution after damage
could be significantly affected. Oxidative stress com-
promised cellular resistance to laser photoporation and
slowed their wound repair process. Wound repair of a
single cell requires different cytoskeletal coordination,
including the assembly of the actomyosin ring involv-
ing Rho family GTPases especially RhoA and Cdc42.5

Our group has recently discovered that H2O2 oxidative
stress could threaten myoblast viability in a concen-
tration-dependent manner. In response to H2O2

treatment, RhoA expression of myoblasts was down-
regulated significantly.25 Therefore, the assembly of the
actomyosin ring in wound repair would probably be
compromised for the low RhoA level after H2O2

treatment. The lower resealing ability of oxidative
groups may result from the anomalous assembly of the
actomyosin ring during the wound repair process with
RhoA deficiency.

Chronic Oxidative Stress Caused Significantly More
Damage than the Acute Oxidative Stress

The holes in 0.5 mM/24 h H2O2 group were sig-
nificantly bigger than those of 0.5 and 2 mM/1 h
groups. The resealing ratio of the 0.5 mM/24 h group
was much lower than the control group and the other
two short exposure H2O2 treatment groups. These
results suggested that compared to the acute oxidative
groups, the plasma membrane integrity might have
been critically compromised by chronic H2O2 treat-
ment before the fs laser damage. This observation was
highly consistent with the earlier study of our group
that cytoskeleton regulatory protein cofilin, serving
to promote actin filament depolymerization, was

FIGURE 9. The resealing ratios of the cells with hole size in
the interim range in normal and oxidative conditions. The
oxidative groups were irradiated by 55 mM/2 ms fs laser, and
the normal group was irradiated by 80 mW/2 ms fs laser to
obtain the interim range IHS in their specific conditions.
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significantly higher after 0.5 mM/24 h H2O2 treatment,
while its level showed a decreasing trend in the 0.5 and
2 mM/1 h treatment groups.28 This up-regulation of
cofilin likely compromised the cytoskeletal structure,
which could lead to reduced resistance against bio-
physical damage and reduced capacity for plasma
membrane repair. On the other hand, the down-
regulation of cofilin in the 2 and 0.5 mM/1 h groups
would suggest enhanced polymerizations of the
cytoskeletal actins and thus strengthening of the cells.

According to Fig. 6b, the IHS of the three oxidative
groups were generally in the interim range. The pre-
vious observation in the normal condition already
showed that if the hole size was within the interim
region, the resealing ratio of cell wounds fell below
50% (Fig. 7a). Now we compare the resealing ratios of
all the cells with IHS in the interim range in the four
different conditions (Fig. 9). Interestingly, for the two
short-duration H2O2 treatment groups, the holes
beyond the safe range showed a resealing ratio higher
than the normal group after laser photoporation. This
may suggest the possibility that the short exposure to
oxidative stress promoted the intrinsic repair capacity
of myoblasts against biophysical damage on the plas-
ma membrane such as laser photoporation. This may
result from the above-mentioned down-regulation of
cofilin in the 2 and 0.5 mM/1 h groups. The apparent
enhancement of repair capacity is also consistent with
our study of the effects of chronic and short H2O2

exposures on the compressive damage thresholds of
myoblasts in monolayer.29 Cellular responses to
oxidative stress were multi-faceted involving gene
regulation, organelle function and cell behavior
changes.9 It might be possible that these multi-facet
responses may have certain indirect effects on the
wound repair process. Such hypothesis should be
carefully examined through further in-depth studies.

CONCLUSION

The hole-resealing process of myoblasts after fs laser
photoporation was typical of cell wound evolution.
Whether the wound could be fully closed was deter-
mined by the initial wound size. Cells tend to fully
reseal their wounds when the wound size was within
the safe range of 5 lm2. Oxidative stress compromised
the plasma membrane integrity by inducing a bigger
wound with the same laser dosage and slowing the
subsequent wound closure process. Chronic oxidative
stress could severely threaten the integrity of plasma
membrane. Acute oxidative stress, on the other hand,
may promote the resealing responses to the fs laser
photoporation.
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