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Abstract. Efficient delivery of compounds and macromolecules into
living cells is essential in many fields including basic research, ap-
plied drug discovery, and clinical gene therapy. Unfortunately, current
delivery methods, such as cationic lipids and electroporation, are lim-
ited by the types of macromolecules and cells that can be employed,
poor efficiency, and/or cell toxicity. To address these issues, novel
methods were developed based on laser-mediated delivery of macro-
molecules into cells through optoinjection. An automated high-
throughput instrument, the laser-enabled analysis and processing
�LEAP™� system, was utilized to elucidate and optimize several pa-
rameters that influence optoinjection efficiency and toxicity. Tech-
niques employing direct cell irradiation �i.e., targeted to specific cell
coordinates� and grid-based irradiation �i.e., without locating indi-
vidual cells� were both successfully developed. With both techniques,
it was determined that multiple, sequential low radiant exposures pro-
duced more favorable results than a single high radiant exposure.
Various substances were efficiently optoinjected—including ions,
small molecules, dextrans, siRNAs �small interfering RNAs�, plasmids,
proteins, and semiconductor nanocrystals—into numerous cell types.
Notably, cells refractory to traditional delivery methods were effi-
ciently optoinjected with lower toxicity. We establish the broad utility
of optoinjection, and furthermore, are the first to demonstrate its
implementation in an automated, high-throughput manner. © 2006 Soci-
ety of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2168148�
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1 Introduction
Elucidation and modulation of the intricate mechanisms un-
derlying basic cellular functions often require delivery of
compounds and macromolecules into living cells, including
various nucleic acids �e.g., DNA plasmids, aptamers, siRNA
�small interfering RNA�, etc.�, biosensors, proteins, ions,1 and
semiconductor nanocrystals.2 However, these substances gen-
erally do not pass unassisted through intact cell membranes.
Consequently, efficient methods for delivering macromol-
ecules into living cells are indispensable in many areas of
biological research and medicine. The importance of macro-
molecule delivery, and lack of an ideal robust procedure that
works well with a range of macromolecules and cell types,
has resulted in the development of numerous methods for de-
livering macromolecules into cells. The most commonly used
methods include cationic reagents,3 liposomes,4,5

electroporation,6 viruses,3,7 biolistics,8 and microinjection.9

Each of these methods has found utility within certain appli-
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cation areas. However, with the exception of microinjection
�which is very slow and laborious�, none of these methods are
broadly applicable to many different classes of macromol-
ecules and cell types. Unfortunately, most of these delivery
methods also exhibit varying degrees of toxicity, limiting their
use to robust cell types �e.g., HeLa, 293, etc.�. Thus, a signifi-
cant and unmet need exists to develop benign and versatile
methods for delivering substances into traditionally refractory
cells of direct physiological relevance �e.g., primary cells,
neuronal, B cell, and T cell lines, etc.�.

The use of lasers to deliver plasmid DNA into cells was
first reported by Tsukakoshi et al.10 in 1984 and was later
confirmed by others.11–13 In these reports, tightly focused laser
irradiation was found to transiently permeabilize the cell
membrane, enabling plasmid delivery to occur. Despite these
initial promising reports, very little is known about optoinjec-
tion and it has not been widely adopted, most likely due to the
slow and laborious process required to manually locate, target
and irradiate individual cells with a laser on a microscope.
1083-3668/2006/11�1�/014034/8/$22.00 © 2006 SPIE
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We recently reported the development of an automated
system for high-throughput cell imaging and laser-mediated
cell purification.14 This novel laser-enabled analysis and pro-
cessing �LEAP™� system enables cell imaging at rates up to
105 per second, coupled with laser-irradiation of individual
cells at rates exceeding 103 per second. These unique capa-
bilities of LEAP were used to explore and characterize param-
eters that impact the efficiency and toxicity of optoinjection,
and then to demonstrate successful high-throughput optoinjec-
tion of a variety of compounds and macromolecules into a
diverse range of cell types demonstrating broad utility.

2 Methods
2.1 Cell Culture and Reagents
HeLa, NIH/3T3, 293T, HepG2, NTERA-2, PFSK-1, SU-
DHL-4, CEM, and 184A1 cells were obtained through the
American Type Culture Collection �ATCC; Manassas, Vir-
ginia� and grown according to published guidelines. MO-2058
�gift from Dr. Timothy C. Meeker� were grown in Iscove’s
modified Dulbecco’s medium with 10% fetal bovine serum
�FBS�. Primary rat cardiomyocytes were a gift from Dr. An-
drew D. McCulloch. Sytox Green �1 �M�, Sytox Blue
�1 �M�, Cell Tracker dyes �10 �M�, Hoechst �0.5 �g/ml�,
RhodZin1 �1 �M�, and Dextran-tetramethylrhodamine
3000 MW �100 �M� were from Invitrogen �Carlsbad, Cali-
fornia�. The green fluorescent protein �GFP�-encoding plas-
mid, phrGFP-1, was purchased from Clontech �Palo Alto,
California�. Fluorescent semiconductor nanocrystals �gift
from SC BioSciences; Tokyo, Japan� were used at 5 �g/ml.
The Cdc42 binding domain of WASP conjugated to an I-SO
dye was a gift from Dr. Klaus M Hahn.15

2.2 LEAP System
A schematic representation of the optical setup used for these
experiments is shown in Fig. 1, and more detailed descrip-
tions of LEAP can be found in prior publications and
patents.14,16 A custom Nd:YAG pulsed laser �JDS Uniphase;
San Jose, California� emitting light in three harmonics �1064,
532, and 355 nm� delivers pulses of 0.5-ns duration at up to
2-kHz frequency. The 532-nm output of the laser �a maxi-
mum of 100 nJ/�m2� was measured using a NOVA II power
meter with a PD10-PJ-SH sensor �Ophir; Portland, Oregon�.
The laser spot profile at the sample plane was determined to
be Gaussian by measuring transmission through moving Ron-
chi ruling grids �Edmund Optics; Barrington, New Jersey�,
and the nominal diameter of the beam �i.e., the diameter
which contained 63% �1/e� of the irradiance� was determined
at specific beam expander settings.

2.3 Optoinjection
Cells destined for optoinjection were first stained in T-flasks
with 10-�M Cell Tracker Orange or Green in growth medium
for �20 min at 37°C, followed by two rinses with
phosphate-buffered saline �PBS�, and trypsinization for re-
moval in the case of adherent cells. Cells were counted and
plated at 300 to 500 cells per well in custom 384-well plates
that were designed for flatness and high transmission of the
laser without damage �Cyntellect; San Diego, California�.

Cells were allowed to settle and grow overnight, then rinsed
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twice with optoinjection buffer �Cyntellect�, and finally
placed in 5 to 10 �l of optoinjection buffer containing the
compound to be optoinjected. Plates were loaded onto LEAP
for optoinjection, which was programmed to automatically
focus on each well within a plate, image the well, identify and
target individual cells based on Cell Tracker dye fluorescence,
and then fire the laser according to user specified parameters.
In the case of grid-based irradiation, the steps of imaging and
individual cell targeting were not necessary. After optoinjec-
tion, cells were rinsed twice with growth medium. Cells op-
toinjected with siRNA were incubated and assayed 48 h later
by polymerase chain reaction �PCR� and Western analysis.
Cells optoinjected with fluorescent indicator molecules were
incubated with 1 �M Sytox Blue for 30 min at 37°C for
determination of cell viability. Cells were rinsed four times
with PBS and then 10 �l of PBS was added to each well.
Cells were then imaged on LEAP or a fluorescent microscope
for analysis. Viability was based on the percentage of cells
that resisted subsequent Sytox Blue staining. Optoinjection
efficiency was calculated as the percentage of total viable
cells remaining that demonstrated obvious nuclear staining
with optoinjected Sytox Green.

2.4 Lipid-Mediated Transfection
Nonspecific siRNA and siRNA targeted to the cytoplasmic
dynein heavy chain, sequence 5�-AAG GCC AAG GAG
GCG CTG GAA-3�, were purchased from Dharmacon
�Lafeyette, Colorado� and used at a concentration of 33 nM
for both lipid-mediated transfection and optoinjection. Oligo-
fectamine™ �Invitrogen� transfection was optimized accord-
ing to manufacturer instructions. Plates were incubated at

Fig. 1 Schematic representation of the key components of LEAP used
to carry out these experiments. An arc lamp provides excitation illu-
mination through an excitation filter wheel, off a dichroic filter �in a
wheel; not shown�, through an x-y galvanometer mirror assembly,
through a large F-theta scanning lens �0.25 numerical aperture �NA��,
and into the cell sample. Emitted light returns along the same path,
but passes through the dichroic filter �in the wheel; not shown�, an
emission filter wheel, and into a camera. Laser pulses pass through a
filter wheel �to select the wavelength; not shown�, a variable neutral
density wheel �to control the energy delivered; not shown�, a beam
expander �to control the laser spot diameter; not shown�, and then
through the x-y galvanometer mirror assembly, the F-theta scanning
lens, and finally into the cell sample. Small, rapid �i.e., �1 ms� move-
ments of the x-y galvanometer mirrors are used to image different
sections of the plate, and to irradiate different cells, all without having
to move the plate.
37°C for 4 h and then the transfection mixture was replaced
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with three washes of growth medium. Plates were incubated
for 48 h before being processed for reverse transcription-PCR
and Western analysis.

2.5 PCR Analysis
Five wells of a 384-well plate were pooled for each data
point. Approximately 5000 HeLa cells were processed 48 h
after siRNA delivery for RNA extraction using an RNeasy
Mini Kit �Qiagen; Valencia, California�. RNA concentration
and quality was determined by taking A260 and A280 readings.
Reverse transcription-PCR reactions were performed using
the SuperScript III Platinum One-Step qRT-PCR System �In-
vitrogen�. Reaction volumes were 25 �l containing 1 ng
RNA and 10 �M of each primer in 0.2 ml thin wall Micro-
Amp tubes �Applied Biosystems; Foster City, California�.
Primer sequences for cytoplasmic dynein heavy chain were
forward 5�-ACC TCC GAT GCA GTG ACC TTC ATC-3�
and reverse 5�-GTG GGA ACT GGA ACC TTT GCT TTT C-
3�. Primer sequences for �-actin were forward 5�-AAC GGC
TCC GGC ATG TGC AA-3� and reverse 5�-TCT GAC CCA
TGC CCA CCA TCA C-3�. Thermal cycling was carried out
on a Primus 96plus �MWG Biotech; High Point, North Caro-
lina� at 95°C for 30 s, 60°C for 30 s, 72°C for 30 s, for a
total of 20, 25, 30, 35, and 40 cycles. Reactions were run on
a 2% agarose gel, stained with ethidium bromide, and visual-
ized for densitometry analysis of PCR products on an Alpha
Innotech imager �San Leandro, California�. Reactions were
optimized so that 30 cycles produced densitometry results
within a linear range. Individual data points from densitom-
etry analysis were normalized against �-actin and then all
data were normalized to the nonspecific siRNA controls.

2.6 Western Detection
Five wells of a 384-well plate were pooled for each data
point. Wells were rinsed twice with PBS, replaced with 10 �l
of NuPAGE LDS Sample Buffer �Invitrogen�, and pooled to-
gether in 1.6-ml tubes. Samples were incubated at 70°C for
15 min, then 20 �l was run on a 12-well NuPAGE 4 to 12%
Bis-Tris gel �Invitrogen�. Protein was then transferred to ni-
trocellulose membrane. Western analysis was carried out us-
ing the Western Breeze detection kit �Invitrogen�. Primary
antibodies against cytoplasmic dynein heavy chain �Santa
Cruz Biotechnology; Santa Cruz, California� and GAPDH
�Santa Cruz Biotechnology� were used at 1:500 dilution. Blots
were visualized for densitometry analysis on an Alpha Inno-
tech imager. Individual data points from densitometry analysis
were normalized against GAPDH, and then all data were nor-
malized to the nonspecific siRNA controls.

3 Results
3.1 Characterization of the Optoinjection Process

3.1.1 Cells individually targeted with a single
laser pulse

The cell-impermeable nuclear-staining dye Sytox Green was
used for characterization of optoinjection with HeLa cells us-
ing single laser pulses of different energies. Optoinjection ef-
ficiency and cell viability were dependent on the radiant ex-
posure delivered to each targeted cell �Fig. 2�a��. Above a

2
critical radiant exposure ��60 nJ/�m �, a rapid decrease in
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cell viability was observed, consistent with prior published
results.14 Interestingly, the maximum optoinjection efficiency
��50% � was achieved near the critical radiant exposure. At
very high radiant exposures, optoinjection efficiency declined
to zero because no viable cells remained. Optoinjection
throughput was �500 cells/ s using this approach.

3.1.2 Single pulses fired in a grid pattern
To improve throughput by eliminating the cell imaging and
image processing steps needed to locate cells, single laser
pulses were fired in a 2-D grid pattern covering the entire
area of a well without regard to specific cell locations. A
14�14-�m grid spacing with a 14-�m nominal diameter
laser beam gave results that were analogous to direct cell
targeting �Fig. 2�b� versus Fig. 2�a��, which was not surprising
since every cell should have been directly hit approximately
once given that the space between adjacent spots in the grid
was equivalent to the beam diameter. However, the 14-�m
grid-based approach did show improved optoinjection effi-
ciency relative to the degree of cell death incurred when com-
pared with the direct cell-targeting approach. Noting that the
distribution of energy within the laser spot was Gaussian, and
further, that 37% of the laser’s energy falls outside the nomi-
nal 14-�m-diam spot, it was hypothesized that direct shots at
cells with the center of the beam �i.e., the peak irradiance
spot� were more lethal than cell irradiance that occurred away
from the center of the beam. This hypothesis led to testing
larger grid spacings of 28 and 56 �m, thereby reducing the
number of direct cell hits with the center of the beam while
still allowing cells to be irradiated with substantial peripheral
energy. The 28-�m grid spacing improved optoinjection effi-
ciency to near 100% with cell viability improved to 40% �Fig.
2�c��. The 56-�m grid spacing using higher radiant exposure
per point produced the best results, achieving 85 to 100%

Fig. 2 Optoinjection of Sytox Green with a single laser pulse. �a�
HeLa cells were optoinjected with Sytox Green on LEAP by individu-
ally targeting each cell with the laser using different radiant exposure
settings. �b� to �d� Single laser pulses were fired in a 2-D grid pattern
covering the entire area of a well without regard to specific cell loca-
tions. Three different grid spacings were tested with each radiant ex-
posure setting, including �b� 14, �c� 28, and �d� 56 �m. Mean values
�± SEM �standard error of the mean�� from five independent experi-
ments �each performed in triplicate� are shown. See Fig. 7�b� for rep-
resentative image of cells optoinjected with Sytox dyes.
optoinjection efficiency with up to 80% cell viability. Using
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this grid-based approach, more than one cell was affected
with each laser pulse, improving throughput of the process to
�2000 to 5000 cells/ s �depending on plated cell density�.

3.1.3 Kinetics and toxicity of optoinjection
Because cell morphology appeared normal during and after
optoinjection, laser-induced permeabilization was believed to
be transient in nature. Experiments were therefore performed
in which the addition of Sytox Green was delayed by
10 to 60 s following irradiation to assess the duration of the
permeabilization event �Fig. 3�. Cell permeability was rapidly
increased following the laser pulse, followed by an exponen-
tial return to the original nonpermeable state over a �30-s
period. Kinetics were identical for individually targeted cells

Fig. 4 Toxicity of optoinjection. Growth of HeLa ���, PFSK-1 ���, and
NTERA-2 ��� cells was measured following either mock transfection
with Oligofectamine or laser irradiation using a 56-�m grid spacing at
a radiant exposure of 65 nJ/�m2. Exponential growth was not affected
by optoinjection, whereas Oligofectamine inhibited cell growth long
after it was removed from the culture, particularly with the more sen-

Fig. 3 Kinetics of optoinjection. HeLa cells and SU-DHL-4 �human
B-cells� were irradiated using a 56-�m grid spacing with a single laser
pulse per point at a radiant exposure setting of 65 nJ/�m2. Sytox
Green was then added to the well at various times postirradiation. All
data were normalized to the zero time point. The best-fit line was an
exponential decay with a time constant of �0.065 s−1. Mean values
�± SEM� from three independent experiments �each performed in trip-
licate� are shown.
sitive PFSK-1 and NTERA-2 cell lines.
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and grid-based irradiation, and were also independent of the
compound added �not shown� or the cell type investigated.
These results indicate that the cell membrane quickly returns
to a normal state after optoinjection, demonstrating limited
cell damage at sublethal laser doses. Importantly, a variety of
optoinjected cell types �HeLa, NTERA-2, PFSK-1� exhibited
growth rates equivalent to nonoptoinjected control cells,
whereas the same cells exposed to a commonly used lipid
delivery reagent �Oligofectamine™� exhibited significantly
retarded growth �Fig. 4�. This demonstration of reduced cell
toxicity �i.e., initial viability and long-term growth� with op-
toinjection versus cationic lipids has not been previously re-
ported.

3.1.4 Multiple sequential pulses of lower irradiance
The rapid kinetics of optoinjection, combined with the knowl-
edge that lethal laser effects are not additive at this
wavelength,14 led to the hypothesis that increased optoinjec-
tion efficiency might be achieved with repeated sublethal laser
pulses without affecting cell viability. Cells were therefore
individually targeted for optoinjection using multiple pulses
of the laser at relatively low radiant exposures. Experiments
were performed in which a varied number of laser pulses were
delivered to cells in 1-ms intervals. Groupings of laser pulses
were also repeated a various number of times with 500-ms

Fig. 5 Optoinjection of Sytox Green using multiple sequential pulses.
HeLa cells were individually targeted for optoinjection of Sytox Green
using multiple pulses of the laser at a radiant exposure of 23 nJ/�m2.
Pulses were spaced 1 ms apart. Repeated groupings of pulses were
spaced 500 ms apart. Mean values �± SEM� from five independent
experiments �each performed in triplicate� are shown.

Fig. 6 Optoinjection of Sytox Green in refractory cell types. NTERA-2,
MO-2058, PFSK-1, 184-A1, and CEM cells were optoinjected using
the methods of Fig. 5. Mean values �± SEM� from three independent

experiments �each performed in triplicate� are shown.
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intervals between pulse groupings. Repeat intervals greater
than 500 ms produced similar results �not shown�. Results
from a radiant exposure setting of 23 nJ/�m2 per pulse are
shown �Fig. 5�, which previously gave only modest optoinjec-
tion efficiency with high cell viability when delivered as a
single pulse �Fig. 2�a��. Optoinjection efficiency increased
significantly as the number of laser pulses was increased. At
30 pulses, optoinjection efficiency was increased twofold with
only a 15% decline in cell viability as compared with one
pulse. Beyond 30 pulses in one grouping, increased optoinjec-
tion efficiency was offset by an equivalent decrease in cell
viability. However, smaller groupings of laser pulses repeated
several times achieved greater than 90% optoinjection effi-
ciency while maintaining very high cell viability �Fig. 5�. Ex-
tremely high levels of cumulative radiant exposure, over
20,000 nJ/�m2, could be delivered to the cells by this ap-
proach. These data indicate that lower radiant exposures de-
livered in multiple small groupings of repeated pulses pro-
duced more desirable optoinjection results than higher radiant
exposure delivered in a single pulse, or than a single large

Fig. 7 Optoinjection of a variety of compounds into diverse cell types
50-�M ZnCl2 buffer was added, and cells were optoinjected using gr
within the bottom left of the field of view to demonstrate specificity of
A subset of cells was optoinjected in a ring pattern in the presence
optoinjected in a small circle in the presence of Sytox Blue. �c� HeLa
ylrhodamine. Cells were counterstained with Cell Tracker Green and
jected with a 4.3-kb GFP-encoding plasmid and assessed the next day
consisting of the Cdc42 binding domain of WASP conjugated to an I
Fluorescence of the I-SO dye was increased on binding to activate
semiconductor nanocrystals that fluoresce at 525 nm. Cells were coun
Sytox Blue.
grouping of low radiant exposures.
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3.2 Versatility of Optoinjection

3.2.1 Optoinjection of traditionally refractory cell
lines

A pressing need in macromolecule delivery is successful ap-
plication to more physiologically relevant cell types that ex-
hibit significant toxicity with current delivery methods. Effi-
ciency and toxicity of optoinjection was therefore measured
with a variety of cell lines generally known to exhibit low
transfection efficiencies and/or high toxicity with conven-
tional transfection methods �e.g., see Fig. 4�. These cell lines
include NTERA-2 �human testicular embryonic cells�, MO-
2058 �human B-cells�, PFSK-1 �human neuronal cells�, CEM
�human T-cells�, and 184-A1 �human mammary epithelial
cells�. Optoinjection efficiency of Sytox Green was 79 to 91%
with these cell types �Fig. 6�. Importantly, cell viability of 81
to 93% was obtained under these conditions. These data dem-
onstrate the general utility of optoinjection for use with diffi-
cult cell types, in addition to more robust cell lines.

IH/3T3 cells were pre-loaded with the Zn2+-sensitive dye RhodZin-1,
ed laser irradiation. The grid was placed over a small defined region
jection. �b� HeLa cells were counterstained with Cell Tracker Orange.
tox Green. Cells were rinsed, and then another subset of cells was

ere optoinjected with dextran �3000 MW� conjugated to tetrameth-
ble cells were detected with Sytox Blue. �d� 293T cells were optoin-
P expression. �e� 293T cells were optoinjected with a 55-kDa protein
e �red� and were counterstained for viable cells using calcein green.
42.15 �f� HepG2 �human hepatocyte� cells were optoinjected with
ned with Cell Tracker Orange and nonviable cells were detected with
. �a� N
id-bas
optoin
of Sy
cells w

nonvia
for GF

-SO dy
d Cdc
terstai
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3.2.2 Variety of compounds and macromolecules
optoinjected into diverse cell types

Numerous cell types were successfully optoinjected with dif-
ferent classes of substances to demonstrate broad applicability
of optoinjection. Different ions �Ca2+ and Zn2+� were optoin-
jected into NIH/3T3 �Zn2+ shown in Fig. 7�a��, 293T, HeLa,
and primary rat cardiomyocytes �not shown�. Studying the
effects of changes in intracellular ion concentrations on cell
physiology has broad applications,1,17 and optoinjection rep-
resents the only reversible �i.e., transient� and targeted method
for rapid delivery of ions into specific cells. Also shown is
sequential targeted optoinjection of two different molecules
�Sytox Green and Sytox Blue� into different subsets of cells
within the same well �Fig. 7�b��, and optoinjection of
tetramethylrhodamine-dextran �MW 3000� into HeLa cells
�Fig. 7�c��. A GFP-encoding plasmid was successfully optoin-
jected into 293T cells �Fig. 7�d��. A biosensor protein of
55 kDa was successfully optoinjected into 293T cells as well
�Fig. 7�e��. To demonstrate the capability of optoinjection
with even the most unusual macromolecules, fluorescent
semiconductor nanocrystals18 were optoinjected into HepG2
�human hepatocyte; Fig. 7�f�� and PC-3 �human prostate epi-
thelial, not shown� cells. These data demonstrate the broad
utility of optoinjection for use with diverse classes of sub-
stances and types of cells.

3.2.3 Comparison of optoinjection with conventional
lipid-mediated transfection

The vast majority of existing cell delivery methods has been
developed for delivery of nucleic acids, therefore suggesting a
suitable comparison point. A particular type of nucleic acid
macromolecule of significant current interest is siRNA for the
targeted silencing of gene expression at the messenger RNA
�mRNA� level through RNA interference �RNAi�.19,20 Appli-
cations of RNAi range from basic research to applied thera-
peutics, but its utility is hampered by inefficient delivery into
important cell types and toxic effects of the delivery method,
which can obscure the target gene knockdown effects. To ad-
dress this important application, siRNA-mediated silencing of
cytoplasmic dynein heavy chain expression was used as a
model system to compare optoinjection with lipid-mediated
transfection. Results from PCR analysis of mRNA expression
�Fig. 8�a�� and Western blot analysis of protein expression
�Fig. 8�b�� show specific knockdown of cytoplasmic dynein
heavy chain expression in HeLa cells. These data demonstrate
that optoinjection of siRNA produced better results than com-
mon cationic lipid transfection in this robust cell type. The
optoinjection process itself was inherently less toxic to cells
than lipid-based transfection, as shown by the diminished NS
effects seen with optoinjection versus those effects seen with
Oligofectamine. For example, Oligofectamine transfection of
NS siRNA caused a �20% reduction in both mRNA �p
=0.04� and protein �p=0.03� versus null untreated cells,
whereas optoinjection of NS siRNA did not cause a signifi-
cant change ��8% , p�0.14� versus null untreated cells
�Figs. 8�a� and 8�b��. Numerous other functional siRNAs have
been efficiently optoinjected into NIH/3T3, 293T, HeLa,
PFSK-1, SU-DHL-4, and embryonic C166 cells �manuscript

in preparation�.
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4 Discussion
This is the first report establishing a broad utility of optoin-
jection, a novel method for targeted delivery of a substantially
diverse array of compounds and macromolecules into a vari-
ety of different cell types with high efficiency and low toxic-
ity, thereby overcoming many limitations of existing delivery
methods. The optoinjection process was studied in consider-
able detail using large numbers of cells employing the novel
capabilities of LEAP, elucidating key parameters for optimi-
zation. The results showed that particular importance must be
given to the method of laser energy delivery, namely, that
relatively low radiant exposures applied in a series of multiple
pulses leads to efficient optoinjection and high cell viability.
Grid-based targeting achieved better results by simultaneously
irradiating several cells with each shot, many of which were
outside the center peak-irradiance portion of the Gaussian
beam, which appeared to induce more cell damage. This result
will lead directly to greatly increased optoinjection through-
put, as the laser beam diameter is adjustable and can be made
large enough to encompass many cells with each pulse of the
laser. Also demonstrated was the unique ability to spatially
localize delivery of different macromolecules into different
cells within a well via sequential macromolecule addition and
optoinjection steps �Fig. 7�b��.

The mechanism underlying optoinjection is unknown. It
has been hypothesized that optoinjection takes place through a

Fig. 8 Comparison of optoinjection with conventional lipid-mediated
delivery of siRNA. HeLa cells were either optoinjected or transfected
by Oligofectamine with siRNA directed against cytoplasmic dynein
heavy chain and then assessed by �a� PCR analysis and �b� Western
blot. Cells were either untreated �Null� or subjected to optoinjection/
transfection in the absence of siRNA �No siRNA�, a nonspecific siRNA
�NS siRNA�, or siRNA targeted against cytoplasmic dynein heavy
chain �Dyn siRNA�. Mean values �± SEM� from three independent
experiments are shown. Data were normalized to the NS siRNA con-
trols, defined as 1.0.
single physical hole formed in the membrane by the laser
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when it is tightly focused on a portion of the cell.21 The data
presented here, and elsewhere,14 do not support this mecha-
nism of action as the laser spot used was often larger than the
target cell, and further, did not require a direct hit on the target
cell with the center of the beam. However, it is possible that
numerous micropores are formed in the membrane, a mecha-
nism that would be distinct from the single-hole hypothesis.
Optoporation is a method that is related to optoinjection in
which the laser is focused on the culture substrate to induce
photoablation, resulting in a shock wave that causes a tempo-
rary permeabilization in the membranes of nearby cells. Op-
toporation can load numerous cells with a single laser pulse.
However, significant cell death occurs near ground zero, and
cells at varying distances from the shock wave epicenter are
loaded to different extents.22,23 The methods of the current
study, including the grid-based approach, did not produce data
consistent with the shock wave model since the laser irradi-
ances used were far below the photoablation threshold24 and
no gradients of cell loading were observed. This study, in
which repeated sublethal energy pulses delivered to entire
cells �or simultaneously to multiple cells� induced transient
changes in overall cell membrane permeability, appears to
represent a mechanism of action that is distinct from the hole-
punching or shock wave models. Kinetic measurements dem-
onstrating the same transient response from a variety of cell
lines suggest that optoinjection is a physicochemical process.
The unique combination of laser wavelength and radiant ex-
posures used in this study are far outside of ranges known to
cause biological damage to cells and tissues24 �other than reti-
nal�, consistent with the low degree of toxicity observed.

Practical implementation of optoinjection requires the abil-
ity to perform it in a high-throughput setting. A limitation of
previously published optoinjection approaches10–13,25,26 was
the relatively low throughput that can be achieved with
microscope-based instrumentation. Additionally, we observed
that significant cell motion and/or damage are induced by la-
ser pulses using the previously published experimental condi-
tions �not shown�, thereby making orderly and efficient cell
processing challenging, if not impossible. These limitations
have been overcome here through several innovations. The
F-theta scanning lens provides a large field of regard that
encompasses a large area of a well plate, containing up to
�106 cells. Galvonometer mirrors enable high-throughput
imaging and rapid laser beam steering anywhere within the
field of regard without moving the plate, thereby increasing
throughput. This optical configuration was then combined
with software to locate and target cells based on multiple
criteria, thereby automating the entire process. Finally, the
grid-based optoinjection approach, using a laser beam larger
than the cell to affect many cells simultaneously with multiple
low-radiant exposures, was a significant departure from pub-
lished approaches. This grid-based approach provided the
highest throughput with the lowest amount of cell damage
under the studied conditions, although such conditions should
be applicable to targeted optoinjection with some modifica-
tions.

Targeted in situ optoinjection linked with laser-mediated
cell purification14 represents a powerful combination of cell
manipulation capabilities that has not been available before.
The ability to selectively deliver different macromolecules

into specific cells in a well and eliminate unwanted cells �e.g.,

Journal of Biomedical Optics 014034-
untransfected, or lacking a certain phenotype or desired re-
sponse�, all performed in situ in an iterative fashion, opens up
a new realm of experimental possibilities. Furthermore, the
success of the grid-based approach establishes the prospect of
implementing nontargeted optoinjection on a nonimaging sys-
tem, which can be of significantly lower cost and complexity,
thereby potentially increasing access for a larger base of re-
searchers. Although conventional transfection methods, such
as lipid-based reagents and electroporation, can potentially be
implemented in high-throughput fashion, these methods have
many shortcomings. Conventional methods work with a lim-
ited class of molecules �i.e., nucleic acids�, tend to be toxic,
are refractory to use in several important cell types, and cer-
tainly cannot be used for specific targeted delivery.

The applicability of optoinjection to a wide range of sub-
stances and cell types has broad implications for different
fields of study. For example, the increasing interest in siRNA
has resulted in new demand for oligonucleotide delivery
methods, particularly for cell types refractory to existing
methods. In these RNAi-based studies, the goal is to specifi-
cally determine the function of a single gene. Any background
gene modulation due to the delivery method, as has been
shown to occur by others27–29 and in Fig. 8 of this paper, will
interfere with the goal of the study. Further, many important
genes of interest are active only in cell types that are difficult
to transfect �e.g., immune cells, neurons, etc.�, making them
inaccessible to RNAi-based approaches. Another example of
an emerging need for macromolecule delivery is the use of
semiconductor nanocrystals, many applications of which re-
quire intracellular delivery.2 Optoinjection has the potential to
address needs in these rapidly growing fields of research.

In summary, there is broad and growing interest in deliv-
ering cell-impermeable compounds and macromolecules into
living cells for use as biosensors, to elucidate basic cell
mechanisms, and to investigate potential drug-like effects.
With the advent of sequencing the human genome, the ensu-
ing cataloging of the human proteome and other related tech-
nological developments, coping with the consequences of
such definition for our understanding of human cell physiol-
ogy and treatment of pathological conditions are likely to be
profound. The challenge that the life science community now
faces is the functional assessment of gene products and can-
didate therapeutic molecules, not only in isolation, but also in
the context of a living cell. The simple, robust, and versatile
loading of compounds and macromolecules into living cells
via optoinjection provides a unique tool for addressing these
complex biological issues.
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