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In this work, focused near-infrared (NIR) femtosecond laser pulses were used to transiently per-
forate the cellular membrane of targeted human embryonic kidney (HEK) cells and the uptake of
extrinsic molecules into the targeted cells was observed: Various cellular responses to the laser
treatments were closely analyzed to optimize several experimental parameters such as laser power,
exposure time and location of laser irradiation ‘using a membrane impermeable fluorescent dye.
The optimized parameters were used to investigate the entry of a plasmid DNA encoding green
fluorescent protein (GFP) into the target cells. Since laser beam with higher-than-threshold energy
level will disintegrate cells, we used Matlab simulations to characterize the laser irradiance and
free electron distribution caused by the femtosecond-optoporation process. The simulation results
showed that the free electron distribution is much narrower than the laser irradiance, which implies
that the transient perforation can even be smaller than the size of the laser focal volume. Femtosec-
ond laser-assisted optoporation when combined with lab-on-a-chip devices can be useful in single
cell-based high-throughput screening.
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1. INTRODUCTION LMk detergent-based membrane permeabilizaion to deliver the
antibodies or dyes into the cell interior.”

Transfection of the cultured mammalian cells is one
of the ‘indispensable techniques in biomedical research
laboratories. Hydrophilic DNA molecules are commonly
introduced into cells using either liposomal or cationic
chemical delivery vehicles, viral vectors, or physical per-
meabilization such as electroporation.” Liposomal deliv-
ery and electroporation are sometimes also used for the
injection of compounds other than nucleic acids.’ These

Traffic of molecules in and out of living cells is tightly reg-
ulated by the plasma membrane. This barrier of phospho-
lipid bilayer is generally selective against hydrophilic and
the charged molecules as well as various macromolecules
including nucleic acids, peptides and proteins.! Targeted
and reversible permeabilization of the plasma membrane
is of paramount interest in today’s biology and biotech-
nology. For example, to analyze the behavior of drugs

and substrates or inhibitors for certain enzymes or to
localize cellular proteins by fluorescence-based immuno-
cytochemistry, the delivery of the given reagents or anti-
bodies into the cell interior is an absolute prerequisite.
Ideally, these observations should be made in the intact
“live” cells to harness the most reliable and biologically
relevant data.!” However, such real-time observations can
be challenging as seen in cellular imaging, in which most
of the commonly used techniques requires fixation and
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methods allow manipulations and analyses of intact cells.
However, in most cases, cells are treated as a population
and the produced data only represents the average of the
whole group. Single-cell manipulation and analyses has
been drawing attention recently since it is well accepted
that there are cell-to-cell variabilities in many biological
aspects, and analyses of individual cells could often pro-
vide a wealth of information.'> Although microinjection
has been established as a method to introduce the foreign
substances into intact single cells,?® the method is inef-
ficient, time-consuming and technically very challenging.
As the notion of lab-on-a-chip (LOC)'? and lab-in-a-cell
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(LIC)? emerged as devices for high throughput single cell
analyses, there is an immediate need for a quick, efficient
and versatile method to deliver extrinsic compounds and
reagents into single cells.

Optical-poration or optoporation has recently been
receiving much attention as a promising method for easy
and efficient delivery of extrinsic compounds into sin-
gle live cells. Femtosecond laser can produce a tiny,
submicrometer-sized pore, which lasts for a fraction of a
second, at a defined location on the plasma membrane of a
target cell to facilitate introduction of membrane imperme-
able substances such as foreign DNA. Femtosecond laser
has been used by several groups for a number of cell lines,
reporting cell viabilities from 50% to 100% using a variety
of impermeable substances.® 10 13-15-18

Laser optoporation offers a number of advantages over
existing techniques to deliver membrane impermeable
molecules into cells:

(1) laser optoporation is highly selective with capabilities
of delivering materials into a single cell located in a cell-
cluster;

(2) this technique is compatible with standard microscopy.
optics, coverslip configuration, microfluidic and LOC
applications;

(3) it is a non-contact and aseptic method;

(4) its operation requires much less technical training of
researchers compared to microinjection, since the most
instrumental setup allows them to simply aim at the most
focused point of the laser on the cell image and shoot
(“point-and-shoot”).

Single cell manipulation using the femtosecond optopora-
tion technique could have far reaching consequences in the
field of bioengineering, tissue engineering and stem cell
therapy. ' LM

There is, however, a major hurdle towards establishing
the point-and-shoot cellular optoporation with femtosec-
ond laser: the process must be optimized for each specific
cell line or instrumental set-up. Several parameters such
as (a) exposure time (b) laser power and (c) location of
irradiation need to be characterized for the best and repro-
ducible results. Optimization of these variables can be a
daunting and time-consuming task. Also in many experi-
ments using live cell culture, the specific cells treated with
the laser have to be re-located after several hours or days
of incubation to investigate the effects of genes, indicators,
antibodies and other compounds introduced into the target
cells.® '3 In fact, there is no standardized protocol for opto-
poration. Discrepancies are seen in previously reported
values for laser parameters, causing difficulties in indepen-
dent reproduction of the data. Most laboratories only spec-
ify the laser power and exposure time, which worked for
the group, using their specific equipments and set-up. Most
contemporary laser ablation studies are still conducted on
systems assembled in-house based on different types of
lasers and vary dramatically in their designs. Often, this
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results in disagreements between groups regarding the type
of instrumentation needed for a particular task.

In this work, we present for the first time a detailed
systematic study on the optimization of the protocol for
the femtosecond laser-assisted optoporation. As a model,
we used human embryonic kidney (HEK) cell line which
is one of the most commonly used cell lines in current
biomedical laboratories. We employed both a membrane
impermeable fluorescent dye and a plasmid DNA encod-
ing green fluorescent protein (GFP) to analyze the entry
of extrinsic molecules into the target cells and the tech-
nology’s effects on the cellular biology. Characterization
of laser intensity during optoporation process is important
since cellular disintegration can result from laser irradia-
tions at intensities higher than the cells’ survival threshold.
Therefore, we used Matlab algorithm to simulate the pro-
cess of femtosecond laser ablation to better understand the
laser radiation produced during the process. The behav-
ior of the, target cells after laser irradiation was exten-
sively and thoroughly analyzed to compare various sets of
parameters. By providing a protocol to systematically eval-
uate multiple combinations of laser parameters and cellular
responses, this study could serve as a starting point for
other groups to optimize their optoporation procedures for
specific cell lines.

2. MATERIALS AND METHODS
2.1. Cell Culture and Preparation

All optoporation experiments were performed using
35 mm petri dishes with poly-D-lysine coated glass bot-
tom of 10 mm diameter and 0.17 mm thickness (Model
Numb_er:I P35GC-0-10-C, MatTek Corporation, Ashland,
MA)."A 4'x 4 square grid with each square area of about

1200 pumix 200 um was manually scratched on the bot-

tom, side (outside) of each dish using a tungsten carbide
scriber. Human embryonic kidney (HEK) 293H cells were
maintained in Dulbecco’s Modified Eagle Media (DMEM,
Invitrogen, Carlsbad, CA) with 10% v/v Fetal Bovine
Serum (FBS Atlanta Biologicals, Norcross, GA) and 1X
Antibiotic/Antimycotic Solution (Cellntec, Switzerland) in
a humidified incubator at 37 °C with 5% CO,. Cells were
seeded on the glass bottom dish with 1 mL culture medium
without phenol red and grown for 48 hours to achieve 10—
30% confluency before laser treatments.

2.2. Laser Instrumentation Set-Up

Figure 1 shows the experimental setup of the femtosec-
ond laserassisted optoporation. Ti:sapphire femtosecond
laser (Vitesse, Coherent Inc. Santa Clara, CA) produces
100-femtosecond duration pulses with a central wave-
length of 800 nm at 80 MHz frenquency. The femtosec-
ond laser beam was expanded by a homemade 2X beam
expander before it was focused on the cell membrane by
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" (b) Focusoncells

(a) Schematic representation of the laser set-up for optoporation of targeted single - HEK cell. (b) A grid was fabricated by a tungsten carbide

scriber on the under-side of a glass-bottom culture dish. HEK cells were then'seeded 'and grown to approximately 10-30% confluency. HEK cells in
focus on the top side of the culture chamber. (c) Grid in focus on the underside of the culture dish.

a 100X oil-immersion objective lens (N.A. = 1.3, Fluar,
Carl Zeiss Microlmaging, Inc. Thornwood, NY) which
was mounted in an inverted microscope (Olympus IX81,
Olympus America Inc., Center Valley, PA). Laser power
was measured by a power meter (PowerMax 500D, Molec-
tron Detector Inc. Portland, Oregon) before laser beam
entered the objective lens. The power switch of the laser
beam was controlled by an electrical-motorized shutter
(Edmund Optics Inc. Barrington, NJ). A built-in piezoelec-
tric step motor in the microscope controlled the vertical
position of the laser focal point. The glass boxtoinI (}_181%
containing cultured HEK cells was mounted on the stage
of the microscope, and the horizontal movement of stage

was actuated by two perpendicularly placed step; motors i

(Newport Inc. Irvine, CA) with a moving resolution of
50 nm. The optoporation process was monitored in situ
by a charge-coupled device (CCD) camera (Q-imaging;
Rolera-XR; Q-16467). To find the position of laser focal
point, the laser was tuned to very low energy (about 3 mW)
and an empty area of the dish was irradiated. A bright spot
indicating the position of laser focal point was noted on
the moniter connected to the CCD camera. A marker was
used to label the center of the bright spot—the focal point.
Before laser optoporation, the specific area of the targeted
cell was moved to the center of laser focal point. The
desired laser power for optoporation of the HEK cell mem-
brane was selected by rotating the laser beam attenuator
as measured by the laser power meter. The laser exposure
time of the cell was selected by programming open dura-
tion of the mechanical shutter. The term ‘targeted cell’ in
this paper refers to single HEK cells at the corners of each
square grid. Cells adjacent to the targeted cells were not
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treated by the laser and served as the control population
(Refer to Figs. 1(b, c)).

2.3. Optoporation Using Femtosecond Laser

SYTOX® Green nucleic acid stain (10 uM, Invitrogen,
Carlsbad, CA) was added to the culture medium before
each optoporation experiment. Targeted cells were irradi-
ated with varying laser parameters. An optical attenuator
was used to adjust the laser average power in a range of
10 mW to 100 mW with 10 mW increments. The expo-

| | sure'time was varied from 10 ms to 100 ms with 10 ms

vincrements. Targeted cells were re-located using the square
birid_ and fluorescence signal was monitored for 1 hour
fler irradiation. Viability of the cells after laser exposure
was determined by staining the non-viable cells with 0.5%
Trypan Blue (Sigma-Aldrich, St. Louis, MO), 40 minutes
post-laser-treatment. For each condition, three or more dif-
ferent cells were tested. All reported data in this work rep-
resent the results from successfully reproduced triplicates.
For the transfection experiments, plasmid DNA pEGFP-
N1 (9 pg/mL, 4.7 kb, molar mass 2.9 MDa, Clontech,
Mountain View, CA) was added to the culture medium
and the cells were irradiated at 60 mW for 35 ms. Tar-
geted cells were imaged after 24-48 hours of incuba-
tion using Nikon Eclipse TE2000-S microscope equipped
with a FITC HyQ filter (Chroma Technology, Bellows
Falls, VT). The images of fluorescent cells were pho-
tographed using NIS-Elements BR software version 3.0
(Nikon Instruments, Melville, NY) with the exposure time
of 3 seconds and the gain of 1.00X. The cells without
laser irradiation were used as negative controls to assess
the background auto-fluorescence.
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3. RESULTS AND DISCUSSION
3.1. Cell Survival with Varying Laser Parameters

The average laser power that can be used in the femtosec-
ond laser optoporation experiments is critical and must be
determined in advance. In general, the average laser power
should be in a range that is low enough to avoid the cell
damage but sufficient to induce perforation on the plasma
membrane. The laser power and the exposure time at the
threshold of the cell damage varies from one cell line to
another. We tested the viability of HEK cells after laser
irradiations at varying parameters to estimate the range of
the laser power and the exposure time that the cells can
tolerate. We used both direct physical observation of their
morphology and differential staining using Trypan Blue to
asess the viabilities of laser-treated cells. Cells were per-
manently damaged and died immediately after laser expo-
sures at higher than 70 mW even if they are irradiated for
a very short time (Fig. 2(a)) For the power range between
50-70 mW, the cells died only when the exposure time
exceeded 50 ms. When the average laser power |was set
to 40-50 mW, some cellular morphological changes were
obserbed such as membrane blebbing (“bubbles”) with the

(b)

Fig. 2. Bright field images of laser-treated HEK cells: Trypan Blue
(0.5%) was added to the culture medium 40 minutes after laser treatment
to test cell-viability. Trypan Blue is a membrane-impermeable differen-
tial dye that stains dead cells but not live cells. (a) High laser exposure
(power = 80 mW; exposure time = 10 ms) resulted in staining of the
targeted HEK cell. Presence of Trypan Blue indicates that the integrity
of the HEK plasma membrane has been compromised. (White arrow)
(b) HEK cell survived after near-optimal laser exposure (power = 60 mW;
exposure time = 30 ms).
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exposure time exceeding 50 ms. However, when the laser
irradiation time was reduced to the range of 2040 ms,
the temporary membrane blebbing healed shortly after
the treatment and the irradiated cells survived (Fig. 2(b)).
When the laser average power was reduced to less than
20 mW, no cellular change was observed even after a very
long exposure time (100 ms).

3.2. Optimization of Laser Conditions for
Cellular Optoporation

We further optimized the parameters for cellular optopora-
tion by monitoring the influx of a fluorescent indicator into
the targeted cells. A 4 x 4 square grid was fabricated on
the bottom-side (outside) of the growth area (see Materials
and Methods for details) to systemetically compare multi-
ple combinations of laser power and exposure time. Single
HEK cells at the corners of each square grid were iden-
tified as targeted cells and cells adjacent to the targeted
cells served as the control population. Cells were irradi-
ated with varying exposure parameters in the presence of
SYTOX: Green reagent. SYTOX is a small molecule-based
dye which is impermeable to the intact plasma membrane
of live cells. Upon entering the cells, the dye binds to
nucleic acids and produce fluorescence signal. Based on
the threshold for cell survival estimated from the previ-
ous section, we fixed the laser power at 60 mW since this
is the highest laser power that all tested cells were able
to tolerate at the exposure time of less than 50 ms. The
exposure time was varied between 30 ms and 40 ms. The
optimal and most reproducible results were obtained from
the laser exposures at 60 mW for 35 ms, indicated by the
positive uptake of SYTOX by intact cells. Figure 3 shows
a representative result of optoporation with these optimal
f)aramete;rs. An increase of fluorescence inside the cell was
observed as a function of time, indicating successful per-

; fgg ion of the plasma membrane. The SYTOX dye mainly

‘accumulated in the nucleus as expected.

As controls, no signs of dye uptake was observed by the
adjacent non-treated cells, indicating that the laser exposure
on the plasma membrane is reqired to change the mem-
brane permeability (Fig. 3). Also, no change was observed
when the laser focus was in the vicinity of the cell but not
on the cell. The irradiated cells were negative to the Try-
pan Blue stain which verifies the recovery of membrane
integrity and overall cell viability after laser treatment.

At the laser exposure time of 30 ms, the influx of
SYTOX into the targeted cells was observed, however the
intensity of the fluorescence (Fig. 4(d)) was decreased
compared to Figure 3(f). This result indicates that the total
amount of dye introduced into the cell was reduced at the
exposure time of 30 ms compared to 35 ms.

Another often neglected experimental parameter is the
location of laser focus on the cell-membrane. Force map-
ping using atomic force microscope (AFM) have demon-
strated significant differences in properties of protruding
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Fig. 3. Bright field images (a, b, ¢) and fluorescence images (d, e, f) of intact HEK cells after optoporation experiment in the presence of SYTOX
dye. The position of the laser focal spot is marked by the lightning symbol. White arrow points to the targeted cell. Laser power = 60 mW; Exposure
time = 35 ms. (a) (d) Before laser irradiation; (b) (¢) Fluorescence is observed inside the HEK cell 10 min after laser optoporation; (c) (f) SYTOX

stains only the nucleus of the cell, 20 min after optoporation.

and stable edges of 3T3 fibroblasts in culture,!’ ‘Active
edges of 3T3 cells are flatter (average heights = 04~
0.8 mm) and are softer (elastic modulus = 4 kPa), while
stable edges are thicker (average height = 2 mm) and
stiffer (elastic modulus = 12 kPa). Optoporation experi-
ments in this work also demonstrate differences in the
protuding and stable edges of HEK cells (Fig. 4(c)). The
successfully optoporated cell shown in Figure 4 was irra-
diated at a protruding edge with a laser power of 10 mW
and a exposure time of 30 ms. To achieve optoporation of

stable ‘edges of HEK cells, however the power had to be
inctreased to. 70 mW which resulted in deaths of most cells
as described in the previous section. This result under-
scores the significance of choosing specific location on cell
membrane while conducting optoporation experiments.
When the exposure time was increased to 40 ms at laser
power 60 mW, membrane blebbing was observed within
the target region indicating some cell damage regard-
less of whether the cell was irradiated at a stable edge
(Figs. 5(a—c)) or a protruding edge (Figs. 5(d-f)). In most

Fig. 4. Bright field (a, c¢) and fluorescence images (b, d) of an HEK cells after laser treatment in the presence of SYTOX dye at a reduced exposure
time than the optimal (laser power = 60 mW; exposure time = 30 ms). The position of the laser focal spot is marked by the lightning symbol.
(a, b) 10 min post-exposure (c, d) 20 min post-exposure. Fluorescence labeling the nucleus was observed 20 min after laser optoporation. Square in

(c) = stable edge; circle in (c) = protruding edge.
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(f)

Fig. 5. Morphological changes of two HEK cells (laser power = 60 mW; exposure time = 40 ms) post-irradiation at the marked positions: (a, d) 0 min
after laser treatment; (b, €) 10 min after laser treatment. Excessive local swelling of the plasma membrane was observed in both cells. (c, f) 20 min
after laser treatment. SYTOX dye is seen inside the cell, however it does not bind to only the nucleus. Both cells were determined to be non-viable

based on Trypan Blue staining.

cases, when 2 or more bubbles are present for longer than
10 min post-exposure, the cell membrane is compromised
based on the Trypan Blue staining. However, when the size
of the bubble is about 1 micrometer or less in diameter,
most cells recover within 10 min of laser treatment with
no signs of membrane damage. A summary of results are
shown in Figure 6.

3.3. Transfection of HEK Cells by Femtosecond
Laser-Asisted Cellular Optoporation

We used the optimized laser parameter (laser power =
60 mW; exposure time = 35 ms) to perform DNA trans-
fection experiments with HEK cells. Cells were irradiated
in the presence of plasmid DNA pEGFP-N1 in the cqltlurle
medium and then returned to the incubator. Targeted' cells
were identified by using the grid as described in the meth-
ods section 24-48 hours post-treatment. Positive expres-
sion of GFP in the irradiated cells and their daughter cellls
after cell division indicates that the plasmid DNA was suc-
cessfully introduced into the cell interior by optoporation
treatment (Fig. 7). No fluorescence was observed in the
surrounding cells not exposed to the laser.

3.4. Simulation of Femtosecond Laser Ablation of
Plasma Membrane

Laser intensity plays an important part in determin-
ing optimum pore formation on cell membrane during
optoporation.!® Laser beam with higher than threshold
energy level will disintegrate cells. To better understand
the laser energy produced during the optoporation process,
we simulated the near infrared (NIR) femtosecond laser
ablation process.

The parameters of the laser we use (Vitesse,
Coherent Inc. Santa Clara, CA) were as follows:
wavelength A = 800 nm; repetition rate = 80 MHz;

J. Biomed. Nanotechnol. 7, 334-341, 2011

pulse duration = 100 femtoseconds. The numerical aper-
ture (NA) of the oil immersion lens (Fluar, Carl Zeiss
Microlmaging, Inc. Thornwood, NY) we used to focus the
laser was 1.3. We use water as the aquatic medium in the
simulation to simplify the calculation, since optical prop-
erties of the culture media we used (Dulbecco’s Modified
Eagle’s Medium, no phenol red, Invitrogen Inc., Carlsbad,
California) are similar to those of water.

Vogel et al. have demonstrated that a high repetition rate
femtosecond laser ablates biological material by generat-
ing low density plasma within the focus.'® The low density
plasma is formed by multiphoton ionization process. Sin-
gle photon effect (linear absorption) is neglected for NIR
laser interaction with biological material because biologi-
cal-mategial is almost transparent (optical window) at NIR
region.

To obtain the plasma (free electron) distribution within
the !focal volume, we need to calculate the laser irradi-
ance distribution first. Born et al. revealed that the laser
focal region had a shape of ellipsoid.* We approximate the
length of the short axis of the ellipsoid d by the diameter

of the Airy disc.
A
d=122— 1
A (1)
For our case, A = 800 nm, NA = 1.3, so the short axis d
is 750 nm. The ratio of the long axis and short axis for

the ellipsoid is revealed by Gril et al.’

I /3—2cos(a)—cos(20)

d 1 —cos(w) @

Where « is the opening angle for the objective lens and [
is the length of long axis. We use the definition of NA to
calculate a. For NA = 1.3 and refractive index of water =
1.333, « =77.2°. So l/d = 2.4 and [ = 1800 nm.
Gaussian function is used to simulate the distribution of
laser irradiance within the focal region. To simplify the
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Fig. 6. Summary of femtosecond laser-optoporation results using HEK cell line.

calculation, we use its corresponding time-averaged inten+
sity distribution, which is given by Eq. (3):

1(r,2) =I(O)exp|:—2<:l—z+2—z>] 3)

1(0) is the irradiance at the center of the beam at the waist,
a=d/2,and b =1/2.

We adopt Vogel et al.’s assumption that the free electron
density is proportional to I¥, while k is the number of
photons required to initiate multiphoton ionization.'” So
the distribution of free electron is derived as Eq. (4).

O(r,z) {I(O)exp[—2(;—z+2—z>“k 4)

Then weiuse Q(1(0)) to represent the free electron density
at the center of the ellipsoid and obtain Eq. (5).

0via = oionew|-2(5+5)]

Since the band-gap energy of water is 6.5 eV and the
photon energy of 800 nm laser is 1.56 eV, 5 photons are
required to be sequentially absorbed to ionize water. So
k=35 in Eq. (5).

The normalized distribution of laser irradiance and
free electron density are calculated by Matlab® (Math-
works Inc.) and demonstrated in Figure 8. The results
show that the free electron distribution is much narrower
than the laser irradiance, which implies that the transient

Fig. 7. Transfection of HEK cells using femtosecond laser. Four HEK cells were optically transfected with plasmid DNA pEGFP-NI1 and analyzed
24-48 hours post treatment. (a, d) Brightfield images. (b, ) Florescence images. (c, f) Superimposed images.
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Fig. 8. (a) The normalized laser irradiance (unit: W/cm?) distribution

in the focal point. It demonstrates that the irradiance distribution has an
ellipsoidal shape, in which the highest irradiance is in the center and the
irradiance exponentially decays from inner layer to outer layer. The color
bar is the scale of normalized laser irradiance, in which 1 is the normal-
ized irradiance at the center. (b) The normalized free electron (plasma)
distribution (unit: cm™?) in the focal point. It shows that the plasma
distribution has the same shape as the irradiance distribution but' much
smaller size, which is the reason why femtosecond laser-is. able to create
a hole smaller than the size of its focal point on cell membrane. The
color bar is the scale of normalized free electron density, in which 1 is
the normalized density at the center.

perforation can even be smaller than the size of the laser
focal volume. Using this result, other researchers can cal-
culate the laser irradiance and electron density distribution
by simply changing the variables (wavelength, numerical
aperture of objective lens etc.) according to their specific
laser set-up.
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