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MICROFLUIDIC LASER-ACTIVATED INTRACELLULAR
DELIVERY SYSTEMS AND METHODS

Cross-Reference to Related Applications

This application claims priority to and the benefit of U.S. Provisional Application No.
62/701,863 filed July 23, 2018 and U.S. Provisional Application No. 62/550,757 filed August 28,

2017, the contents of which are incorporated by reference herein in their entirety.

Technical Field

The invention generally relates to intracellular delivery systems, particularly laser-

activated intracellular delivery systems.

Background

Most individuals in the world's population suffer from at least one health problem or
discasc. Trcatment can be costly and long in duration, when treatment methods and drugs or
therapeutics are available. Treatment of diseases and health conditions with drugs, therapeutics,
and genetic therapy is more efficient when the drug, therapeutic, or gene is delivered to the cells
of the individual. Delivery within cells is known as intracellular delivery and is a method used
for several medical applications. Though several methods of physical intracellular delivery have

been studied, current intracellular delivery methods have several disadvantages.

Summary

A laser-triggered intracellular delivery system provides a consistent and efficient method
for intracellular delivery and extraction. By providing a system comprising a laser-activated
surface, target cells positioned at a distance from the laser-activated surface, and a laser that
provides laser pulses, the present system allows for permeation of the cell membranes. By
porating the cell membranes, the system allows for intracellular delivery of cargo into cells or
extraction of cargo from the cells. The target cells may be stationary in a medium or may be
continuously flowing at a distance from the lascr-activated surface.

In some instances, microbubbles are produced by the system for purposes of intracellular

delivery. In particular, the laser-triggered intracellular delivery system produces bubbles that are
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consistent in spacing and size, which also allows for spacing between bubbles that arc relatively
densc in order to achicve multiple sites, or multiple bubblcs, per ccll. By producing the bubblcs
with a minimum amount of energy, the invention processes the maximum number of cells
simultaneously, thereby leading to efficient absorption of laser light and promotion of bubble
nucleation. For example, in an embodiment, the present invention uses bubbles explosively
formed on a surface by using a pulsed light source. By using the laser-activated surface to create
the microbubbles, the cells are not directly exposed to high-intensity laser light.

The invention efficiently delivers molecular cargo and is manufacturable using standard,
low-cost processes. Any suitable low-cost process may be used for manufacturing, such as
micromachining processes. Preferably microreplication techniques are used for manufacturing.
The invention is compaltible with standard research and development [ormats, such as well plates
used in research, and is extensive (o high-volume formalts used in manulacturing, such as
bioprocessing. Furthermore, the invention is scalable. For example, the target cell may be one
particular cell, hundreds of cells, thousands of cells, or more, such as may be required for bulk
processing. For example, bulk processing may be possible when the invention is used with
continuously flowing cells.

Certain aspects of the invention are directed to an intracellular delivery system. The
intracellular delivery system comprises a laser-activated surface; cells positioned at a distance
from the laser-activated surface; and a laser providing a laser pulse. The laser pulse porates
membranes of the cells to deliver or extract cargo from the cells into a liquid surrounding the
cells. The laser pulse is converted from optical energy into mechanical energy in the form of a
pressure wave. The pressure wave allows for delivery or extraction of cargo from the cells,
thereby allowing intracellular delivery. Further, cells flow into and out of a space adjacent to the
laser-activated surface. The cells may flow in a continuous flow. The cells may be stationary on
a surface, or have "stopped"” flow.

Any suitable cargo may be delivered or extracted from the cells. In some embodiments,
cargo delivered is initially confined to a layer within liquid adjacent to the laser-activated surface
and adjacent to a cell layer.

In some embodiments, the laser-activated surface is selectively targeted to porate specific
cells in the adjacent volume. In some instances, the laser-activated surface is spatially targeted.

In some instances, the laser-activated surface is temporally targeted. In certain embodiments,
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transport of cargo into or out of the cells subsequent to poration is promoted by one or more of
additional laser pulses, electric fields, turbulent flow, or thermal pulses.

In some embodiments, the intracellular delivery system further comprises contrast-agent
type microbubbles. The contrast-agent type microbubbles are added to the liquid surrounding the
cells. For example, a first set of microbubbles is laser-generated and then imploded by a second
set of laser-generated bubbles. The addition ol gas-filled layers or structures in proximity (o the
cells enhances the effect of the laser-activated bubbles, allowing the laser-activated surfaces to
be further removed from the cells themselves, making the delivery more consistent over a range
of conditions, and allowing further optimization of the mechanical conditions surrounding the
cells. In some embodiments of the present invention, the supplementary gas bubbles may be
coated with cargo molecules or constructs to be delivered into cells, and the optically-activated
bubbles are used to completely disrupt/collapse the supplementary bubbles, and potentially
create liquid jetting, upon which the attached cargos diffuse through or are jet-delivered through
the cell membranes.

In some cmbodiments, the lascr pulsc is provided by an optical source comprising diodc-
pumped solid state lasers, lamp-pumped solid state lasers, gas lasers, fiber lasers, diode lasers, or
quantum cascade lasers. For example, the laser pulse may be provided by a continuous wave
laser. The laser pulse may be produced from any suitable light source, such as a Q-switched,
directly modulated, or chopped/redirected light source.

The cargo delivered or extracted may be selected from the group consisting of Cas9,
TALEN, ZFN, Guide RNA, ssODN, mRNA, pre-mRNA, BACs, PNA, pDNA, chromosomes,
mitochondria, siRNA, shRNA, miRNA, proteins, morpholinos, metabolites, small molecules,
peptides, anitbodies, nanobodies, carbon nanotubes, fluorescent tags and/or dyes, molecular
beacons, DNA origami, nanodevices, MEMS devices, polymer constructs including controlled
compound release structures (such as polymersome nanoparticles), metal or other functional
nanoparticles, nuclei, subcellular organelles, ribozymes, enzymes, microbial pathogens,
microbeads, surface Raman-enhanced particles, quantum dots, radionuclide, and magnetic
beads.

In some embodiments, the laser-activated surfacc is patterned. For example, the lascr-
activated surface comprises a patterned layer of material selected from the group consisting of a

thin layer of metal, polymer materials, ink-containing polymers, and an oxide layer.
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Certain aspects of the invention are directed to a method of intracellular delivery. The
method comprises positioning a laser-activated surface at a distance from cells and applying a
laser pulse to the surface to permeate membranes of the cells to deliver or extract cargo from the
cells into a liquid surrounding the cells. The laser pulse is translated from optical energy into
mechanical energy in the form of a pressure wave.

In some embodiments, the cells [low into and out of a space adjacent (o the laser-
activated surface. The cells may flow in a continuous flow over the laser-activated surface. The
cells may be stationary on the laser-activated surface.

In some examples, the cargo delivered is initially confined to a layer within liquid
adjacent to the laser-activated surface and adjacent to a cell layer. The transport of cargo into or
out of the cells subsequent to poration may be promoted by applying additional laser pulses,
electric fields, turbulent flow, or thermal pulses. In some embodiments, the method further
comprises selectively targeting the laser-activated surface to porate specific cells. The laser-
activated surface is spatially targeted. The laser-activated surface is temporally targeted.

In some embodiments, the method further compriscs adding contrast-agent typce
microbubbles to the liquid surrounding the cells. For example, the method may further comprise
laser-generating a first set of microbubbles and then imploding the first set of microbubbles by a

second set of laser-generated bubbles.

Brief Description of the Drawings

FIG. 1 diagrams a method according to the present invention.

FIG. 2 shows an example of a cell squeezing method where transient forces are applied to
a cell membrane.

FIG. 3 shows an example of a cell squeezing method where a channel contains flow
obstructions that cause local flow perturbations, opening up pores in the membranes and
allowing exogenous materials in the flow to be introduced into the cells.

FIG. 4 shows a system where a laser beam is focused to a small volume for plasma and
bubble formation.

FIG. 5 shows a mcthod for cell applications that uscs a scparatc cavity wherc a laser is
focused in order to cause bubble formation and a shockwave that projects a shockwave into a

chamber with cells.
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FIG. 6 shows a schematic of a method where nanoparticles may be free-floating in the
cell medium, or attached to cells, as shown in this example. A pulsed laser beam illuminates the
medium with cells and absorbing nanoparticles.

FIG. 7 shows a system where a substrate has a surface formed with small structures that
promote bubble nucleation at specific sites (tops of pyramids, in this example), and is coated
with a material that absorbs incoming laser radiation.

FIG. 8 shows a schematic of a method where a substrate with holes between a cargo
reservoir and a cavity containing a cell medium has patterned absorbers that absorb pulsed laser
radiation.

FIG. 9 shows an embodiment of a microfluidic-based intracellular delivery system.

FIG. 10 shows a top view of a channel in an example embodiment in a format where a
flow in a relatively wide channel is used.

FIG. 11 shows an embodiment of the invention where a microfluidic channel has
upstream features (not shown) to create a multi-layer laminar flow.

FIG. 12 shows an embodiment of the invention with a stratificd flow where the molccular
cargo is isolated next to the cell flow.

FIG. 13 shows an embodiment of the invention where a separate cargo-carrying flow is
merged with the cell flow subsequent to laser-bubble poration.

FIG. 14 depicts an embodiment of the surface or substrate in the present invention.

FIG. 15 depicts an embodiment of the surface or substrate in the invention.

FIG. 16 depicts an embodiment of the surface or substrate in the invention.

FIG. 17 depicts an embodiment of the surface in the present invention where a substrate
is patterned with features that serve as nucleation points on the surface.

FIG. 18 depicts an embodiment of the surface.

FIG. 19 shows an embodiment of the present invention in which gas-filled microbubbles
contained in the same core flow, and in close proximity to cells, within a microfluidic flow or
stopped-flow chamber, are used as an elastic interface to enable motion and stretching in cells.

FIG. 20 shows an embodiment of the invention in which a first set of energy-induced
transicnt microbubbles is rapidly collapsed by a sccond sct of cnergy-induced transicnt
microbubbles.

FIG. 21 shows a system according to the present invention.
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Detailed Description

FIG. 1 diagrams a method 10 according to the present invention. The method includes
flowing cells into and out of a space adjacent to a laser-activated surface 150. The cargo may be
confined to a layer within liquid adjacent to the laser-activated surface and adjacent to a cell
layer 155. The laser-activated surface is positioned at a distance [rom the cells 160. The cell
membranes may be porated by applying the laser pulse to the laser-activated surface 165. Once
the cell membranes are porated, cargo may be delivered into, or extracted from, the cells 170.

In some embodiments, the present invention may incorporate features from other
methods of physical intracellular delivery, such as features described in "In vitro and ex vivo
strategies for intracellular delivery”, Stewart et al, Nature (2016), which is incorporated by
reference herein. For example, features related to the use of transient mechanical force may be
applied to cell membranes for the purpose of stressing the membrane and creating temporary
openings through which molecular cargoes may be delivered, or cellular contents may be
cxtracted.

FIG. 2 shows an example of a method that was developed for applying transient forces to
a cell membrane. A pressure differential is applied over a microfluidic channel 101 in order to
push cells 102 in a medium 103 which contains the cargo to be delivered through one or more
constrictions 104. The forces that arise cause pores to form in the cell membrane that last for up
to 20 seconds, allowing the cargo to diffuse into the cell as shown by 105. The system is simple
in its construction, but suffers from a number of drawbacks: the pressure required to drive cells
through sufficiently small constrictions is very high, and results in difficult system requirements;
the narrow channels and constrictions make the system prone to clogging and/or require complex
pre-processing in order to filter out larger particles and ensure only single cells travel through the
channel; the constriction size (cross-sectional area and length) is highly specific to certain cell
size, shape and orientation, and may not produce the intended effect if there is variation in these
parameters; and the rapid flow system is not suitable in general to certain sensitive cell types.
Nevertheless, the system has been used to successfully deliver cargos to cells in a number of
applications.

A flow-based system would be able to apply forces to cell membranes without requiring

such a narrow constriction, thereby reducing pressure requirements and eliminating or mitigating
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clogging issues.

FIG. 3 shows a method where a channel 201 is contains flow obstructions 202 that cause
local flow perturbations, resulting in local pressure changes that stress cell membranes, opening
up pores in the membranes and allowing exogenous materials in the flow to be introduced into
the cells. By providing a more “open’ format than the preceding single-channel/single-
constriction architecture, the inventor has sought to alleviate of the clogging issues described
above. This occurs, however, at the expense of less uniformity in the stresses experienced by
cells (depending on their position in the flow, shape, orientation, etc.). Moreover, the physical
obstructions in the channel still present the risk of clogging, or will require cells to be greatly
spaced out in the flow—which in turn requires a large amount of medium, and therefore cargo,
which can in many cases be rare and/or expensive. One approach to a more robust microfluidic
shearing system is described in "A method for mechanical and hydrodynamic microfluidic
transfection and apparatus therefor”, Ryan PAWELL (PCT/AU2015/050748), which is hereby
incorporated in its entirety by reference.

Using direct mechanical methods such as scraping, squcczing, and shecaring cells for the
purpose of disrupting their membranes is effective, but often inconsistent and/or damaging to
cells. A more indirect method of cell membrane permeation is the use of pressure waves to stress
the membrane. This method has advantages because the method does not require physical
obstruction (and possibly damaging contact) of the cell, and does not require high flow speed
systems—so is potentially applicable to a wider range of cells.

In some embodiments, the present invention may incorporate features related to the
permeating effect of acoustic or pressure waves, such as described in "A Possible Alteration in
the Permeability of Ascites Cell Membranes after Exposure to Acoustic Microstreaming”, A. R.
WILLIAMS, J. Cell Sci., 1973, 12:875-885, which is hereby incorporated by reference. For
example, features may include using ultrasound transducers to directly create pressure waves in
order to alter cell membrane properties or using ultrasonic transducers to produce cavitation,
which in turn produces very intense shockwaves.

Features that extend beyond the use of conventional ultrasonic transducers (such as
piczoclectric devices) may also be uscd in the present invention. For example, fecatures may
include using intense laser pulses to create bubbles in liquid by a number of mechanisms. The

growth and collapse of the bubbles cause intense pressure waves and differentials in the medium,
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such as described in "Profile of laser-produced acoustic pulse in a liquid”, B. Sullivan and A. C.
Tam, J. Acoust. Soc. Am., 1984, 75, 437-441; "Acoustic transient generation by laser- produced
cavitation bubbles near solid boundaries", Vogel and W. Lauterborn, J. Acoust. Soc. Am., 1988,
84, 719-731; and "Shock wave emission and cavitation bubble generation by picosecond and
nanosecond optical breakdown in water"”, Vogel et al, J. Acoust. Soc. Am., 1996, 100 (1), 148-
165, which are hereby incorporated by reference.

Furthermore, features related to effects of solid surfaces in the proximity of the bubbles,
including the potential to achieve stronger shockwaves (and therefore higher transient pressure
differentials) may be used in embodiments of the invention. For example, pulsed lasers may be
used to form bubbles in liquid by focusing laser light within the liquid volume. The power and
energy threshold for bubble formation with light focused in water or a similar medium is quite
high, requiring power levels on the order of 10" W/cm?, and fluences on the order of 10 J/cm®
for picosecond pulsed lasers, and 500 J/em® for nanosecond-pulsed lasers at 1064 nm, as
described in "Energy balance of optical breakdown in water at nanosecond to femtosecond time
scales”, Vogel ct al, Appl. Phys. B, 1999, 68, 271-280, hercin incorporated by rcference. At
shorter wavelengths, the energy and power requirements are typically higher because of the low
absorption of water in this regime. The direct water (medium) focusing and bubble formation is
used in surgical and dental applications of lasers, where short, focused pulses and the resulting
shock waves may be used to ablate material. Such techniques have also been used with cells in
media, as described in "Sonoporation of suspension cells with a single cavitation bubble in a
microfluidic confinement”, Le Gac et al., Lab Chip, 2007, 7:1666-1672, herein incorporated by
reference.

FIG. 4 shows a simplified representation where a confined liquid environment such as a
microfluidic cell is used to contain cells and cargo molecules. A laser beam 304 is focused to a
small volume 301 to reach the required fluence and power for plasma and bubble 302 formation.
The shock wave from the bubble expansion and collapse increases membrane permeability in
nearby cells 303. The method suffers from a number of drawbacks: a large amount of power and
energy is required to form bubbles, and therefore only a small volume may be addressed at a
time, limiting system throughput (or requiring very powcrful lascrs); the very high flucnce of the
laser near the focus will directly damage or destroy any cells that are in the optical path; the

effect on cells is highly variable depending on the distance from the focus point: close to the
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point, the cells will be destroyed by optical or plasma effects; at middle distance membrane
permeability may be enhanced; at further distance there is no effect.

Features relating to combining conventional ultrasonic bubble generation and a laser
pulse to control the collapse of a bubble may be used in embodiments of the present invention,
such as described in "Controlled permeation of cell membrane by single bubble acoustic
cavilation”, Zhou et al, J. Controlled Release, 2011, 157(1):103-111, herein incorporated in its
entirety by reference.

FIG. 5 shows another method that has been developed for cell applications. This method
has uses a separate cavity 402 where the laser is focused 401 in order to cause bubble formation
and a shockwave that projects a shockwave 403 into a chamber with cells 404. This layout has
been used to redirect cells in a flow system, such as described in "Pulsed laser triggered high
speed microfluidic fluorescence activated cell sorter”, Wu et al, Lab Chip, 2012, 12(7):1378-
1383, herein incorporated by reference. Such a configuration can only address a relatively small
volume with a large amount of laser power, but does separate the laser focus from the cell-
carrying volume, rcducing the possibility of dircct lascr damage to the cells.

One potential approach to addressing larger volumes of cells using direct focusing in
liquid medium is the use of diffractive optics or other techniques to onto multiple focused points
in the liquid at once. Such a technique is described, for example, in "Generation of laser-induced
cavitation bubbles with a digital hologram", Quinto-Su et al, Optics Express, 2008,
16(23):18964-18969, herein incorporated by reference. Using the technique, an array of bubbles
may be formed in a liquid. However, when using the technique, cells directly in the laser focus
points may be damaged or destroyed.

An alternative which does not put cells in the direct path of the illuminating lasers, and
potentially a more even pressure wave across multiple cells, is to illuminate a target which itself
experiences explosive effects as a result of intense laser radiation, and in turn transmits a
pressure wave into adjacent liquid. This method has been used by many groups, often with sheets
of highly-absorbing material (such as black rubber) that are destructively illuminated with pulsed
lasers. The rubber sheet also functions as the pressure transducer to the liquid. Examples where
this mcthod has been uscd to apply pressure waves to cells include "Cell Loading with Laser-
Generated Stress Waves: The Role of Stress Gradient”, Mulholland et al, Pharmaceutical

Research, 1999, 16(4):514-518, and "Efficient delivery of small interfering RNA to plant cells
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by a nanosecond pulsed laser-induced stress wave for posttranscriptional gene silencing”, Tang
et el, Plant Science, 2006, 171(3):375-381, which are hereby incorporated by reference. This
method has been shown effective in producing pressure waves and permeating (or breaking) cell
membranes. It functions by creating large-scale pressure waves, however, and it is often
desirable to apply intense pressure on a small scale (even relative to a cell) to cause targeted
permeation of the cell membrane.

One approach that has a significant history is the use of light-absorbing particles for the
purpose of absorbing pulsed laser light and forming transient bubbles to either promote delivery
of cargos through cell membranes, or to kill cells entirely by destroying their membranes.
Typically metallic or other conductive nanoparticles are used to absorb light, as is described in
the following examples, "Radiation and nanoparticles for enhancement of drug delivery in solid
tumors, Rinat O. Esenaliev, US Patent No. 6,165,440; "Selective Cell Targeting with Light-
Absorbing Microparticles and Nanoparticles”, Pitsillides et al, Biophys. J., 2003, 84(6):4023-
4032; and "Delivery of molecules into cells using carbon nanoparticles activated by femtosecond
lascr pulses”, Chakravarty ct al, Nat. Nanotcchnol., 2010, 5(8):607-611, which arc hercin
incorporated by reference.

FIG. 6 shows a representative schematic of a method using nanoparticles 501, which may
be free-floating in the cell medium, or attached to cells, as shown in this example. A pulsed laser
beam 502 illuminates the medium with cells and absorbing nanoparticles. Note that unlike the
direct liquid plasma formation, a less focused beam may be used, because the absorption of the
nanoparticles is significantly higher than that of the liquid medium. The nanoparticles absorb the
pulsed radiation, causing a rapid local temperature escalation and explosive bubble formation
503, at least some of which is close to the cell membrane; this in turn causes permeability (or
directly opens pores) in the membrane, allowing a molecular cargo contained in the medium to
enter the cell, as shown by 504. One significant concern with this method is the residual
nanoparticles (or fragments of nanoparticles) that remain in the cells and cell medium. These
may alter cell function, and possible cause mutations or other undesirable effects. This is a
drawback in discovery applications, but even of greater concern where the cells will
subscquently be uscd in paticnts, such as in genc therapy applications.

Formats where absorbers are permanently attached to substrates have been explored as

mechanisms for transient bubble generation as well. Examples include "Super-Heating and

10
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Micro-Bubble Generation around Plasmonic Nanoparticles under cw lllumination”, Baffou et al,
J. Phys. Chem. C, 2014, 118(9):4890-4898; and "Formation and dissolution of microbubbles on
highly-ordered plasmonic nanopillar arrays"”, Liu et al., Sci. Rep., 2015, 5, 18515, which are
hereby incorporated by reference. Liu et al. also shows the impact of surface hydrophobicity or
hydrophilicity on ultimate bubble duration (where hydrophilic surfaces will cause more rapid
bubble collapse, as might be expected), and also the role of dissolved gases in the liquid,
confirming some results in the first paper that showed metal nanoparticles that could create
bubbles with lifetimes on the order of minutes.

Consistently fabricating a surface with spaces nano-absorbers such as gold spheres or
gold pillars can be difficult, and the resulting surfaces may be very sensitive to mechanical or
other wear.

Another approach to forming bubbles through the use of laser pulses is to use a sheet of
absorbing material, patterned on a rigid surface, and in contact with the liquid medium. Two
examples of this format, with first using a Chromium layer as an absorber, and the second using
an amorphous silicon laycr as an absorber, arc "Transicnt Temperature During the Vaporization
of Liquid on a Pulsed Laser-Heated Solid Surface”, Park et al, J. Heat Transfer, 1996,
118(3):702-708; and "Laser-induced microbubble poration of localized single cells”, Fan et al,
Lab Chip, 2014, 14, 1572, which are hereby incorporated by reference. Note that this method
still requires relatively concentrated laser radiation in order to form bubbles, particularly if the
surface is smooth and does not promote bubble nucleation. The second reference uses a design
where the absorber/bubble forming layer is on the opposite surface of a microfluidic cavity from
a surface on which cells are cultured, attached, or resting.

Features directed to porating cell membranes using lasers as a direct poration method
may be used in certain embodiments of the invention. For example, the laser may be focused on
the cell membrane and directly disrupt the cell membrane through thermal and/or bubble
expansion means, such as described in "Femtosecond optical transfection of cells: viability and
efficiency”, Stevenson et al, Opt. Express, 2006, 14(16):7125-7133, and "Fast targeted gene
transfection and optogenetic modification of single neurons using femtosecond laser irradiation”,
Antkowiak ct al, Sci. Rep., 2013, 3, 3281, which arc hereby incorporated by reference. The
advantage of this approach is high precision, which allows even specific parts of cell membranes

to be porated for the purpose of introducing molecular cargos or other constructs. A disadvantage

11
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is that throughput it very low and the technique suffers from the same issues as other direct-focus
laser techniques, including potential cytotoxicity from ultra-high laser power (two-photon
effects, thermal effects, etc).

Features relating to a “nanosubstrate” designed to absorb transient radiation, convert it to
heat, and promote rapid bubble formation within a liquid medium for the purpose of porating
membranes of proximalte cells may be used in embodiments of the present invention, thereby
allowing delivery of large cargos into these cells, or conversely extraction of large cargos from
the cells. For example, substrates may have features that promote radiation absorption, energy
concentration, and/or bubble nucleation, and are fabricated using very low-cost soft lithography
techniques, as described in "Plasmonic Tipless Pyramids for Cell Poration"”, Courvoisier et al,
Nano Lett., 2015, 15(7):4461-4466; "Intracellular delivery using nanosecond-laser excitation of
large-area plasmonic substrates”, Saklayen et al, ACS Nano, 2017, 11(4):3671-3680; Dynamics
of transient microbubbles generated by fs-laser irradiation of plasmonic micropyramids, Chen et
al, Appl. Phys. Lett., 2017, 110, 153102: "Plasmonic Nanocavity-Based Cell Therapy Method
and Systcm", Mazur ct al, WIPO Patcnt Publication No. W0O/2016/127069; and "Mcthod and
system for manipulation of cells”, Mazur et al, US Patent Publication No. US 2012-0171746 Al
(2009), which are incorporated by reference herein.

FIG. 7 shows a system where a substrate 601 has a surface formed with small structures
that promote bubble nucleation at specific sites (tops of pyramids, in this example), and is coated
with a material that absorbs incoming laser radiation. The substrate may be illuminated from top
or bottom. Cells 602 rest on the surface, and cell medium 603 carries the cargo to be delivered to
the cells. A beam 604 is used to illuminate the substrate in a pulsed manner, with femtosecond,
picosecond, or nanosecond pulse duration. The short laser pulse causes transient local heating at
the surface features, causing rapid bubble expansion and the contraction, and poration of the cell
membrane 605. Subsequently, the cargo in the cell medium diffuses into the porated cell 606.

Pairing patterned radiation absorbers with “membrane” structures that enhance cargo
delivery to cells may be used in certain embodiments. The format is an attempt to parallelize a
delivery needle-tip format that included laser-driven vapor bubbles for cell membrane
permcation. The parallcl format is described in "Massively parallel delivery of large cargo into
mammalian cells with light pulses”, Wu et al, Nat. Methods, 2015, 12(5):439-444, which is

incorporated by reference.
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FIG. 8 shows a schematic of a method with a substrate 701 having holes 703 between a
cargo reservoir 705 and a cavity containing cells 704 and cell medium has patterned absorbers
702 that absorb pulsed laser radiation 706, which causes cavitation bubbles to form and porate
the cell membrane as in 707. Pressure is then applied to the cargo reservoir, and it enters the
porated cells as shown in 708. An advantage of such a structure is the ability to better control
delivery ol cargo to the cells using a pressure dillerential—although this is clearly very limited
by the need to maintain cell attachment to the surface. However, a disadvantage of such a system
is that the structure is relatively complex to fabricate (multiple patterning and etch steps), the
metallic conductor is applied in a non-standard way that may not be reproducible or consistent.
The reservoir and pumping/pressure system add additional complexity in return for the delivery
capability described above. Another potential disadvantage of such a system is that the delivery
of laser light is necessarily through the cell medium and cells themselves. This can result in
inconsistent energy delivery, and exposes cells to high-intensity radiation.

Surface films used in all embodiments of the substrates in the present invention may
include transparent conductive oxides that have been optimized for providing surface roughness
in amorphous silicon solars cells. They may also include polymer, semiconductor or oxide films
that have been roughened by exposure to chemical plasmas, or chemical etches employing
pulsed lasers.

In some embodiments of the present invention, it may be desirable to isolate the
molecular cargo to be delivered to cells and deliver it locally rather than through the general cell
medium. In such cases, a layer on the substrate may be used to contain the cargo until just
before, during, or after laser-activated bubble poration of the cells proximate to the substrate.
One of a number of materials engineered for impregnation and controlled release of molecular
cargos may be used. An example of such layers is described in "Near-infrared-actuated devices
for remotely controlled drug delivery”, Timko, Langer et al, PNAS, 2014, 111(4):1349-1354,
which is hereby incorporated by reference. The release of the cargo into the space between the
cells and the surface may be achieved in a number of ways: simple diffusion, by which the
molecular cargo diffuses into the space between the cell and substrate over some time before
laser activation, with the ratc of this diffusion controlled by the propertics (porosity, ctc) of the
materials; thermal means, where the layer is heated to release its contents (for example by a

laser, which may or may not be the same laser that causes bubble nucleation); or other means
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including but not limited to optical, magnetic and electrical. In this manner, a cargo may be
preloaded into the functional substrate, and released only when delivery into the cell (due to
bubble permeation) is possible. This minimizes the cargo required, and places it precisely where
it is required for intracellular delivery.

Whereas prior work on patterned substrate plus laser-activated bubble nucleation for
intracellular transfection was done using cells that were either cultured on the laser-addressed
substrate, or centrifuged to temporarily adhere to the surface, there are cases where it may be
desirable to process cells that are proximate to, but not in contact with, the laser-addressed
surfaces described above.

In particular, it may be desirable to process cells in a format where the cells may flow in
and out of the volume being processed with laser pulses and bubble shockwaves, rather than
batch processed on a substrate such as a well plate or culture flask.

FIG. 9 shows an example embodiment of a microfluidic-based intracellular delivery
system in the invention. A side view of a fluid channel 801 is shown. The channel carries a flow
of liquid 802 which includcs cclls 803, ccll medium, and cargo molccules (that will be inscrted
into cells using the present method). The flow 802 may either be continuous, or a “stopped” flow
where material is transported, stopped temporarily for processing in the active region, and then
transported out of the active region. One or more laser pulses 805 is used to illuminate the active
region 804 which may include absorbing and/or bubble nucleating elements as described herein,
causing explosive bubble formation and pressure waves in a consistent pattern across the active
region, and porating the membranes of cells passing through it 806. Cells with temporarily
permeated membrane 807 then take up the molecular cargo in the flow, completing the delivery
process, and then are transported out of the device in the flow 802.

In an embodiment, the flow consists of a single flow carrying cells, cell medium and
molecular cargo—all of which is pushed through a narrow channel (relative to cell dimension) to
ensure cell membranes pass close to the active bubble-forming surface. In this simple format, the
invention resembles the “cell squeezing” methods described above and depicted by FIG. 2 or
FIG. 3, with the critical difference being that there is no fixed obstruction in the fluid channel,
and force on the cell is not dependent on high-velocity transport through this obstruction.
Instead, the pressure is caused by laser-activated explosive bubble formation as the cells pass

through the constriction-free channel.
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As such, the present invention has several significant, non-limited advantages over the
prior art. In particular, the present invention does not have a narrow constriction prone to
clogging. The present invention does not require extreme pressure or flow velocities, which may
result in shear damage to cells. Further, the present invention provides a high degree of
flexibility by use of laser pulse power, laser pulse timing, and laser spatial focusing that are
absent in a mechanically-defined “squeezing” design.

In other embodiments of the flow design, the flow through the active (laser-addressed)
region is formed from multiple flows that are combined in a laminar fashion, using fluidic
techniques and constructs that are well-known in the industry. See for example "Universally
applicable three-dimensional hydrodynamic microfluidic flow focusing", Chiu et al, Lab Chip,
2013, 13(9):1803-1809, which is hereby incorporated by reference. In the present invention, two
or more flows may be combined to “set” the vertical position of the cells in the flow channel,
thereby fixing the distance from the bubble surface to the cell membrane, and allowing
repeatable impulses from the laser-activated bubbles to the cell membrane.

For cxample, three flow layers could be combined vertically, a thin bottom (shcath) laycr
that ultimately establishes spacing between the cells and the active surface, a thin layer carrying
cells (in a “monolayer”), and a top sheath layer that provides a buffer from the top of the
channel. This design allows a relatively tall channel with very little clogging potential, and
maintains a fixed spacing between the laser-activated surface and the bottom cell membranes.

A full 3-dimensional focusing system could additionally center the cells in the channel
horizontally, if so desired, to get highly uniform shockwave treatment for the cells as they pass
through the active area with pulsed laser illumination.

FIG. 10 shows an example top view of the fluid channel described in FIG. 9, in a format
where a flow 811 in a relatively wide channel 810 is used (where multiple cells 812 may pass
through a cross-section simultaneously to enhance capacity and reduce clogging risk). In this
embodiment, the active area is patterned with features 813 that absorb pulsed laser radiation and
act as nucleation points for bubbles, thus providing a consistent array of pressure waves to
permeate the membranes of cells 814 passing through the active area. The temporarily
membranc-permeated cclls 815 then take up the molccular cargo from the surrounding medium.

FIG. 11 depicts another embodiment of the present invention. In this embodiment, a

microfluidic channel 901 has upstream features (not shown) to create a multi-layer laminar flow,
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as described above and using methods and constructs well known in the industry. One of the
flow layers 903, namely the one that separates the cell flow from the active surface, contains the
molecular cargo to be delivered to the cells. As the cells move through the active area, transient
bubbles (activated by laser pulses) are formed to permeate the membrane, as well as push the
cargo-bearing medium towards the permeated cell 904. As cells flow out of the active region
(and as their membranes repair, usually over the course of seconds) the cargo dilluses [rom the
cargo-bearing layer into the cells as shown by 905. In this manner, a minimum amount of cargo
molecule is used, and is placed precisely where it can be delivered most efficiently into the cell.

A similar embodiment is shown in FIG. 12, again with a stratified flow where the
molecular cargo is isolated next to the cell flow. Here, the active area, or a region just upstream
or downstream of the active area (“active area” is used herein to mean the region where laser-
induced bubbles permeate cell membranes) contains features 1002 designed to induce
fluctuations or turbulence in the flow 1001, disrupting the interface between the cell-carrying
flow and cargo-carrying flow for the purpose of promoting delivery of the molecular cargos into
the ccll 1003. These featurcs may be the same fecatures uscd to form the lascr-activated bubblcs,
or additional, purpose-built features.

Other methods and constructs may be used to promote delivery of the molecular cargo
into the cell within the present invention. Some such as the turbulence-based approach described
above are applicable to flow-based systems, while others can be used in either flow or stationary
systems where the cells are stationary or even attached to the substrate.

For example, thermal means may be used before, during, or after laser-activated bubble
poration to increase diffusion of the cargo towards the cell membrane, and then into the cell once
it has been porated. For example, heating can be applied to the active face of the device to
increase diffusion of large molecules away from the surface. This heating may be done
electrically, or optically, for example with a laser (which may be the same laser used to form
bubbles, or a different laser) or lamp that is applied throughout the delivery cycle. Using
appropriately selected laser powers, wavelengths, and materials, a temperature profile in the
medium and therefore molecular diffusion could be set up to optimize cargo delivery into target
cells.

Thermal effects may be used in addition to promote membrane opening during the laser-

activated bubble process. For example, low-power laser pulses or continuous wave radiation may
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heat the substrate surface and/or structures formed on it in order to gently heat the cell
membranes above it. Then upon pulsed laser formation of the bubbles on the surface, the cell
membrane is predisposed to be permeated by the resulting pressure waves.

An electric field may also be applied to promote movement of cargo into the cell, in
particular where the cargo molecules/constructs have a net charge. In some cases, the same
[eatures that are used Lo generate porating bubbles may be used (o generate local electric fields.
For example, if gold-coated pyramid structures are used, a voltage could be applied to the entire
layer, and to the opposite face of the fluid channel/manifold, generating intense electric fields
near the pyramid tips that could be used to drive cargo molecules into the cells. In other
embodiments, alternating rows or elements of these features could have positive or negative
relative voltages applied to them, generating local fields to promote cargo transport.

In other embodiments, additional bubbles or cavitation effects may be used to promote
cargo delivery. These bubbles could be formed by another (or the same) laser pulse process, the
effect of which would be to force some of the cargo molecule into the porated cells.

In other ecmbodiments, ultrasonic transducer mecans may be uscd to temporarily incrcasc
diffusion rates of molecules, in order to maximize delivery of cargo into target cells. The
ultrasonic transducer may be used in addition to promote bubble nucleation that is triggered by
the laser. In other words, the ultrasound mechanism “primes” the system for cavitation, and the
laser delivers the trigger in order to get highly-repeatable, spatially-controlled bubbles/cavitation
for the purpose of porating cells.

In other embodiments, cell media incorporating compounds that specifically inhibit
and/or promote cell membrane re-sealing may be used in the present invention. For example, for
particularly sensitive cells, compounds promoting re-sealing may be introduced before bubble
delivery. For other cells, chemicals preventing sealing may be added, and then washed away at
some time after bubble-based deliver of cargo.

These methods are applicable to both systems where cargo is generally present in the cell
medium, and to embodiments where the cargo is relatively isolated to a layer (a liquid layer as
described in some of the flow embodiments, or a permeable layer with controlled release as
described above).

FIG. 13 shows an embodiment of the present invention where a separate cargo-carrying

flow 1101 is merged with the cell flow subsequent to laser-bubble poration, enabling cargo
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uptake 1102 in a controlled region, and again with small amounts of cargo delivered efficiently
to the cell.

FIG. 14 depicts one embodiment of the surface used in the present invention. In this
embodiment a surface 1201, substantially transparent to the pulsed laser radiation 1203 is
adjacent to the cell medium 1202 which will contain cells, cell medium, and potentially cargo-
carrying solution (the cell medium and cargo-carrying solution may be the same, or dillerent, as
described herein). In this embodiment, the pulsed laser radiation is focused onto one or more
points at the interface between the substrate and liquid. The proposed design is as follows: to
focus the radiation at the interface to promote bubble nucleation at significantly lower energies
than are achieved when light is focused in the liquid medium. Besides being advantageous from
an energy / laser power standpoint, it also localizes bubble formation near the solid substrate,
which will maximize the shockwave into the medium. Specifically, two additional design factors
may be used to achieve this: use of a wavelength (or wavelengths) that are highly absorbed in the
liquid medium.

For examplec, such a system (and other embodiments described herein) could usc a laser
emitting at approximately 3 microns, such as an Er: YAG laser (2940nm emission), where water
has extremely high absorption. As a result, all optical energy is absorbed in a very shallow layer
of water (~1 micron), greatly concentrating the thermal effect, and isolating much of the cell
body from optical interactions. Other wavelengths with high absorption in water include (but are
not limited to) ~1.5um, 2.0pum, and > 10pm (where relatively low-cost, high-power CO; lasers
emit).

Additionally, the surface of the substrate 1201 may be made of a material that promotes
bubble nucleation, or be pre-treated in order to catalyze bubble nucleation, by chemical, physical
and/or optical means (for example, a chemical etch, or chemical-laser etch that roughens the
surface at a nanoscale to promote bubble nucleation).

As a result of illumination by a laser pulse, then, the surface produces regularly-spaced
transient bubbles 1204 that cause pressure waves which in turn permeate cell substrates. Note
that with sufficient local absorption and sufficiently good nucleation on the surface (as described
above), a single rclatively unfocused pulsc could be used to illuminate a larger arca and gencrate
multiple bubbles, albeit in less predictable spacing than with the single or multiple focused spots.

The present invention, however, has significant advantages over prior systems using
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visible or NIR (1064nm) pulsed lasers focused at spots inside the liquid. It has the potential to
create bubbles over a larger area and/or with less laser power, and prevent direct damage to cells
in the medium by focusing the radiation at the interface, and using wavelengths that are strongly
absorbed by water.

FIG. 15 depicts another embodiment of the substrates in the invention. A flat substrate
1301 is patterned with features 1302 which serve to absorb laser radiation and/or nucleate bubble
formation 1304 in a pre-determined pattern when pulse-illuminated by laser source 1303. The
features may be additive, as shown here, meaning they are a patterned layer of material, such as a
thin layer of metal (Au, Ti, Cr, among others), polymer materials, ink-containing polymers (for
the purpose of promoting absorption), or for example an oxide layer that strongly absorbs when a
mid-infrared laser source is used (for example, SiO; that has been patterned on the surface by a
selective etch process, and then exposed to CO, laser pulses). In another embodiment, these
features could simply serve the purpose of promoting bubble nucleation at pre-determined sites.
For example, a laser with a wavelength strongly absorbed by the liquid medium could be used,
and the fcaturcs could be patches of the substrate that have been roughenced with chemical,
plasma, optical or physical means to promote nucleation. In an example, the features could be
patterned out of a material with surface characteristics that promotes nucleation. The net effect of
any of these configurations is to allow a relatively large area to be addressed by a laser pulse, but
to generate bubbles with a highly-repeatable spatial pattern.

FIG. 16 depicts another embodiment of the substrates in the present invention. A
substrate 1401 is coated with a continuous layer 1402 which serves to absorb laser radiation
and/or promote bubble nucleation. This layer may consist of (but not be limited to) metallic
films, polymer films, oxide films, nitride films, and semiconductor films such as amorphous
Silicon. In this embodiment, laser energy 1403 is focused on one or more points on the surface to
determine where bubble nucleation 1404 occurs.

In any of the embodiments herein which involve focusing the laser on multiple points on
the substrate, the point pattern may be fixed and set by the use of a diffractive optical element
ahead of the focusing lens, or it may be generated by a spatial light modulator (SLM) in the
Fouricr plan ahcad of the focusing lens. The use of an SLM allows for reconfiguration of the
point pattern, to change the number of bubble points, spacing of bubble points, and shape of the
bubble point pattern.
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FIG. 17 depicts one embodiment of the surfaces in the present invention where a
substrate 1501 is patterned with features 1502 that serve as nucleation points on the surface, such
that heating provided by laser pulse 1503 translates to bubble formation 1504 at pre-determined
points. This configuration is suited for laser wavelengths that are strongly absorbed near the
substrate-liquid interface, such as wavelengths that are strongly absorbed by water.

FIG. 18 depicts one embodiment depicts one embodiment of the surfaces in the present
invention where a substrate 1601 is coated with an absorbing material 1602 and also patterned
with features 1603 to promote bubble nucleation 1605 in response to exposure to laser pulses
1604.

In certain embodiments, the invention further comprises adding contrast-agent type
microbubbles to the liquid around the cell layer. Further, a first set of microbubbles may be laser-
generated and then imploded by a second set of laser-generated bubbles. The addition of gas-
filled layers or structures in proximity to the cells enhances the effect of the laser-activated
bubbles, allowing the laser-activated surfaces to be further removed from the cells themselves,
making the delivery more consistent over a range of conditions, and allowing further
optimization of the mechanical conditions surrounding the cells. In some embodiments of the
present invention, the supplementary gas bubbles may be coated with cargo molecules or
constructs to be delivered into cells, and the optically-activated bubbles are used to completely
disrupt/collapse the supplementary bubbles, and potentially create liquid jetting, upon which the
attached cargos diffuse through or are jet-delivered through the cell membranes.

FIG. 19 depicts an embodiment of the present invention in which gas-filled microbubbles
contained in the same core flow, and in close proximity to cells, within a microfluidic flow or
stopped-flow chamber, are used as an elastic interface to enable motion and stretching in cells. A
microfluidic flow 1701 contains cells 1702 which flow from left to right in this depiction.
Comingled with these cells are supplementary gas bubbles 1703. On at least one surface of the
microfluidic flow chamber there is an active surface 1704. As optical energy pulses 1705 are
deposited into the active surface, it causes transient microbubbles 1706 to form inside the
microfluidic chamber. The expansion and collapse of these bubbles cause pressure waves within
the fluid flow, which in turn causcs the supplementary bubbles to contract and cxpand as
depicted by 1707. This expansion and contraction in close proximity to the cells create strain on

the cell membranes as indicated by 1708, increasing cell membrane permeability, and allowing
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cargo to diffuse into or out of the cells.

The fluid flow may be within a channel where cells and supplementary bubbles are
confined to roughly a 1-dimensional core flow as depicted above. Alternatively, the flow may
form a 2-dimensional “sheet”” where cells and supplementary bubbles flow in a sheet at the
center of a 2-D channel. In another embodiment, the supplementary microbubbles may be
confined (o a separate layer adjacent o the cells, and combined in a laminar (ashion before the
microbubble delivery section depicted here. In one embodiment the supplementary microbubbles
may flow in a layer between the active surface and cells; in this embodiment, sufficient energy
may be delivered to the active surface to create pressure waves sufficient to completely
collapse/explode the supplementary microbubbles, causing a large energy release and potentially
liquid jetting into the cell layer.

FIG. 20 depicts an embodiment of the present invention in which a first set of energy-
induced transient microbubbles is rapidly collapsed by a second set of energy-induced transient
microbubbles, causing rapid displacement and stretching of cell membranes, where the cells are
in a flow or stopped-flow channcl. A liquid channcl 1801 contains a flow (to the right, in this
example) with cells 1802, here shown in a core flow at a set distance from the walls of the
channels. A first active surface or feature 1803 is pulse-illuminated with a first energy pulse
1804, resulting in the rapid nucleation and expansion of first transient microbubble(s) 1805. A
second active surface or surface feature 1806 is illuminated by a second pulse 1807, forming
second transient microbubble(s) 1808. Depending on the flow velocity and the desired relative
timing between the first and second transient microbubbles, a physical displacement along the
direction of the flow may be used, as shown in this example. The expansion of the second
microbubble(s) and resulting pressure waves cause the rapid collapse of the first microbubble(s),
as indicated by 1809. This collapse causes rapid displacement within the liquid and deformation
of, and strain on, the cell membranes, as indicated by 1810. The resulting temporary permeability
of the cell membrane may then be used to extract cargos, or insert cargos into the cell.

Various arrangements of flows are possible. For example, both 1-D focused and 2-D
focused are possible. Further, an arrangement of flow in an embodiment comprises layered flows
with cargo in scparatc laycrs from cells. In certain embodiments, rather than delivering cargo
into cells, the present invention may be used to porate cells for the purpose of extracting certain

large molecules or constructs from those cells. The present invention generally applies to this
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function as well, as it porates cell membranes in a manner that allow transport of materials in
either direction.

Selective cell poration is applicable to the invention. Where cells are stationary on the
laser-activated substrates, microscopy or other imaging may be used to select cells, or even
portions of cells, to porate. As opposed to previous work, cited above, where cell membranes are
directly disrupted by lasers (with potential phototoxic elfects), the use of the substrate allows [or
a pressure-driven effect, but still allows localization of the effect for selective delivery to cells.

In flow-based systems, the present invention may be combined with known cytometry
techniques (including but not limited to fluorescent flow cytometry, imaging cytometry,
scattering cytomeltry, spectroscopic cytometry) to identify and selectively porate cells as they
pass through the “active region” of the flow. In this case, laser pulses to activate bubbles are only
used when the appropriate cell enters the active region.

In a more passive scenario, cells may be sorted/selected upstream from the active region,
for example by mechanical or flow features that separate cells by size, shape, or buoyancy—or
by active sorting mechanisms well known in the industry.

FIG. 21 shows an embodiment of an intracellular delivery system 1 according to the
present invention. The system 1 includes a light source or laser 12 that produces a laser pulse 15.
The laser 12 may be attached to an instrument. For example, the laser 12 may be any suitable
laser, such as a continuous wave laser sold under the trademark REDPOWER from SPI Lasers
UK Limited (Southampton, United Kingdom). The laser pulse 15 is directed at a laser-activated
surface 30. The laser pulse 15 is translated from optical energy into mechanical energy in the
form of a pressure wave. The laser-activated surface 30 may be in a container 20. The container
20 may be any suitable container, such as a chip, microfluidic chip, cuvette dish, sample dish, or
petri dish. The container 20 also contains cells 40 and a cargo-containing liquid or medium 25.
The cells 40 are positioned at a distance from the laser-activated surface 30.The cells 40 may be
continuously flowing or stationary in the cargo-containing medium or liquid that surrounds the
cells. The laser pulse 15 permeates membranes of the cells 40 to deliver or extract cargo from the
cells into a liquid surrounding the cells 40. The system 1 may be arranged on any suitable
workspacc, such as a workstation 50 in a rescarch laboratory.

The present invention makes use of laser pulses to promote nucleation, growth, and

collapse of bubbles on a surface facing cell membranes. A variety of optical sources, or lasers,
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may be used, including but not limited to diode- or lamp-pumped solid state lasers, gas lasers,
fiber lasers, diode lasers, and quantum cascade lasers. Radiation pulses durations may be in the
range of 10-100 fs, 100-1000 fs, 1-10 ps, 10-100 ps, 100-1000 ps, 1-10 ns, 1-100 ns, 100-1000
ns, 1-10 ps, or 10 us-100 ps. The light source may be Q-switched, directly modulated, or
chopped/redirected to produce these pulses. Additionally, a continuous wave (CW) laser may be
used together with appropriate beam shaping and spatial scanning such that the illumination of
any one area of the substrate effectively produces rapid pulses with durations as specified above.
The wavelength of the light source or laser may be in the UV, visible, NIR, mid-IR, or
long wavelength IR ranges. The UV range has the advantage that beams can be very tightly
focused and there is good absorption in a range of materials including some materials that are
transparent in the visible regime (for microscopy). For example, a 355 nm wavelength may be
used. The visible range has the advantage that there are a wide range of sources available, light
can be focused tightly at the scale of cells, and system construction and safety is enhanced by
having a directly visible emission. A 532 nm wavelength is a wavelength with good options for
lasers (Nd:YAG) and accompanying optics spccifically coated and designed for this wavclength.
The NIR has the advantage that many high-energy pulsed sources for industrial, telecom and
other applications are made in this range (1064 nm, and ~1500 nm, specifically). At ~1500 nm,
there is relatively strong water absorption, which is helpful in certain designs as described above,
and increases eye safety. Further, the mid-IR has the advantage that there is extremely high water
absorption, which may allow for very simple substrate designs where the medium itself is the
primary laser energy absorber. The long wavelength IR has the advantage that very high power,
low cost sources (CO» lasers, at around 10.6 um) are available, and water is a good absorber.
Any suitable molecular cargo may be delivered into or extracted from any suitable cell.
The present invention may deliver molecular cargos into cell types that include, but are not
limited to plant cells, animal cell, human cells, insect-derived cells, bacteria, adherent cells,
suspension cells, cardiomyocytes, primary neurons, Hel.a cells, stem cells, ESCs, iPSCs,
hepatocytes, primary heart valve cells, gastrointestinal cells, k562s, lymphocytes, T-cells, Beells,
natural killer cells, dendritic cells, hematopeotic cells, beta cells, somatic cells, germ cells,
cmbryos (human and animal), zygotcs, gamctes, 1205 Lu, 1321N1, 143B, 22Rv1, 23132/87,
293, 293 [suspension], 293-F cells sold under the trademark FREESTYLE by Thermo Fisher
Scientific (Waltham, MA), 293T, 2A8, 2PK3, 300.19, 32D, 3A9, 3T3-L1 ad, 3T3-L1 pre-ad,
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3T3-Swiss albino, 4T1, 5838 Ewing's, 661W, 697, 7-17, 720, 721.174, 721.22,721.221, 786-0,
A-10, A-375, A-431, A-498, A-673, A172, A2.A2, A20, A2058, A2780, A3.01, A549, A7r5,
Adipocyte (pre), Adipocyte (pre)- human diabetes Tp.2, Adipose stem cell- human diabetes
Tp.1, Adipose stem cell- human diabetes Tp.2, Adipose stem cell, Adrenocortical, AGN2a, AGS,
AML, AML-DC, ARH 77, ARPE-19, arteries mesenteric (MA), astrocyte glioblastoma line-
mouse, Astrocyle- human (NHA), Astrocyle- mouse, Astrocyle- rat, Astrocyte, ASZ001, AT-1,
ATDCS, B cell- human, B-cell- lymphoma cell line, B-cell- mouse-stimulated, B-CLL, b-END,
B157, B16-FO, B16-F1, B16-F10, B35, B3Z, B65, BA/F3, Babesia bovis, Balb/c 3T3, BC-1,
BCBL1, BCLI1 clone 5B1b, BCLL1.3B3, BE2-M17, BEAS-2B, Beta islet cell, BeWo, BHK-21,
BHP2-7, BJ, BJ1-hTERT, BJAB, BIMC3879, BL2, BL3, BLCL, BPHI1, BRIN-BD11, BT-20,
BT549, BV173, BV2, BW5147, BW5147.3, BxPC-3, C10/MJ2, C17.2, C28A2, C2C12, C2F3,
C3H10T1/2, C57TMG, C6, C8161, CA46, Caco-2, Caco-2/TC7, Cal-1, Cal-85-1, CALS51, Calu-3,
Calu-6, CAMA 1, CAP (CEVEC's Amniocyte Production), Capan-1, Capan2, Cardiomyocyte,
CCD18Co, CCRF-CEM, CCRF-CEM C7, CD34+ cell, CEM-C7A, CEM.C1, Cervical stroma,
CFBE, CH1, CH12, CH12F3, CH27, CHM 2100, CHO [suspcnsion], CHO-DG44, CHO-DG44
(DHFR-), CHO-K1, CHO-S cells sold under the trademark FREESTYLE by Thermo Fisher
Scientific (Waltham, MA), CHO-S [suspension], Chondrocyte (human (NHAC-kn)),
Chondrocytes (mouse), Chromaffin cells (cow), CML, Colo201, Colo205, Colo357, Cor.At
Cardiomyocytes (from ESC- mouse), COS-1, COS-7, CRFK, CTLL-2, CV1, Cytokine induced
killer, Cytotrophoblast, D1 ORL UVA, D1F4, D283, D425, D54, Dante-BL, Daudi, DCIS,
Dendritic cell (human), Dendritic cell (mouse-immat. - BALB/c), Dendritic cell (mouse-immat. -
C57BL/6), Dendritic cell (mouse- mature -BALB/c), Dendritic cell (mouse- mature - C57BL/6),
Dendritic cell (plasmacytoid - human), Dendritic cell (rhesus macaque), DEV, DHL4, DHL6,
DLD-1, DO11.10, DOHH-2, Dorsal root gang. (DRG), Dorsal root gang. (DRG) (rat), Dorsal
root gang. (DRG) (chicken), Dorsal root gang. (DRG) (mouse), DOV 13, DPK, DT40, DU 145,
EAhy926, eCAS, ECC-1, EcR293, ECV304, Eimeria Tenella, EJM, EL4, Embryonic fibroblast,
Embryonic fibroblast (chicken), Embryonic fibroblast (mouse (MEF) immort), Embryonic
fibroblast (mouse (MEF) primary), Embryonic stem (ES) cell (human), Embryonic stem (ES)
ccll (mousc), EMC, Endothclial, Endothclial- aortic - cow (bAEC), Endothclial- aortic - human
(HAEC), Endothelial- aortic - pig, Endothelial- coronary art - human (HCAEC), Endothelial-
lung - sheep, Endothelial- Mammary -Human, Endothelial- MV dermal - human adult,
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Endothelial- MV dermal - human neo, Endothelial- MV lung - human (HMVEC-L), Endothelial-
pulmonary artery - human, Endothelial- umbilical vn - human (HUVEC), EpH4, Epithilial,
Epithelial model- cornea -human - immort., Epithelial- airway- human, Epithelial- airway- pig,
Epithelial- alveolar- rat, Epithelial- bronchial (NHBE)- human, Epithelial- bronchial- monkey,
Epithelial- cornea- human, epithelial- ES-derived- human, Epithelial- lung type II- human,
Epithelial- mammary- human (HMEC), Epithelial- mammary- mouse, Epithelial- prostate
(PrEC)- human, Epithelial- renalhuman (HRE), Epithelial- retinal pigment- human, Epithelial-
Small Airway- human (SAEC), ESS-1, F36P, F9, FaO, FDC-P1, FDCP-Mix, Fibroblast,
Fibroblast- aortic adventitial- human, Fibroblast- cardiac- rat, Fibroblast- cow, Fibroblast-
dermal (NHDF-Neo)- human neo, Fibroblast- dermal(NHDF-Ad)- human adult, Fibroblast-
dermal- human, Fibroblast- dermalmacaque, Fibroblast- ES-derived- human, Fibroblast-
foreskin- human, Fibroblast- humanGMO06940, Fibroblast- lung- human normal (NHLF),
Fibroblast- lung- mouse, Fibroblast- lungrat, Fibroblast- pig, Fibroblast- tunica albuginea-
human, FL5.12A, FM3A, FRT, G-361, GaMG, GD25, GH3, GIST882, GM00131, GM05849,
GMO09582, Granta519, Granulc ccll, Granule ccll (CGC)- mousc, Granule ccll (CGC)- rat, GT1-
7, H2K mdx, H4, H41IE, H69, H9, H9¢2(2-1), HaCaT, HC11, HCA7, HCC1937, HCC1954,
HCT 116, HCT15, HDLM-2, HDQ-P1, HEL 92.1.7, HelLa, HelLa S3, Hep G2, Hep1B, HEPA 1-
6, Hepa-1clc7, Hepatocyte, Hepatocyte immortalized- mouse, Hepatocyte- human, Hepatocyte-
mouse, Hepatocyte- rat, HFF- immort., HFF-1, HFFF2, HIB1B, High Five, HK-2, HL-1, HL-60,
HMC-1, HMEC-1, HMLE, HMy2.CIR (C1R), HN5, HPB-ALL, Hs 181.Tes, Hs 578T, HT-
1080, HT-29, HT22, HT29-D4, HTC, HU609, HuH7, HuT 102, HuT 78, HUV-EC-C, IEC-6,
IEC18, IGROV1, IHH, IM9, IMR-32, IMR-90, INS-1, INS-1E, INS1 832/13, IOSE29, IOSES80,
iPS- human, J-774, J-Lat 6.2, J558L, J774A.1, IB6-1, JB6-2, JeKo-1, Jurkat, Jurkat-modified,
JVM, JVM-2, K-562, Karpas 299, KE-37, Kelly, Keratinocyte, Keratinocyte- (NHEK-Ad)
human adult, Keratinocyte- (NHEK-neo) human neonatal, KG-1, KG-1a, KHYG1, KIT225,
KM-H2, KS, KTA2, Ku812, L-428, L1.2, L1210, L1236, L3.6SL, L5178Y, L540, L6, L87/4,
LA-N-2, LA-N-5, LAMA-84, Langerhans cells, Langerhans cells- human, LAZ 221, LbetaT2,
LCL, Leishmania tarentolae, LLC-MK2, LLC-PK1, LLC-PK10, LN229, LNC, LNCaP, LoVo,
LP1, LS180, LX-2, LY2, M-07c, M28, MA 104, Macrophagec, Macrophage- human,
Macrophage- mouse, Macrophage- mouse -BALB/c, Macrophage- mouse - C57BL/6, MC-38,
MC/9, MC3, MC3T3, MC3T3-E1, MC57G, McA-RH7777, MCF10, MCF10A, MCF7, MCF7
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tet, MCT, MDA-MB-231, MDA-MB-361, MDA-MB-415, MDA-MB-453, MDA-MB-468,
MDBK, MDCK, MDCK II, MDCK-C7, ME-1, MedB1, MEG-01, MEL, melan-a, Melanocyte,
Melanocyte- (NHEM-neo)- human neonatal, Mesangial cells- Human (NHMC), Mesench. stem
(MSC)- pig, Mesenchymal stem cells, Mesenchymal stem cell (MSC)- human, Mesol7, Met-
1fvb2, MEWO, MFM223, MG-63, MGR3, MHP36, MiaPaCa-2, mIMCD3, MIN6, Mino, MKN-
1, mIEND, MLO-Y4, MLP29, MM.1S, MN9D, MOLM-14, MOLT-4, Molt16, Monocyte,
MonoMacl [MM1], MonoMac6 [MM6], Mouse L cell, MPC-11, Mpf, mpkCCD(c14), MPRO,
MRC-5, MT4, MTC, MTLn3, Mutul, MUTZ-2, MUTZ3, MV-4-11, Myoblast, Myoblast-
(HSMM) human, Myofibroblast, Myofibroblast- human hepatic, Myofibroblast- rat hepatic,
MzCHA-1, N11, N114P2, N1E115, N9, NALM-6, Namalwa, Natural killer (NK)- human, NB-4,
NBL-6, NCEB-1, NCI-H1299 [H1299], NCI-H1435, NCI-H2170, NCI-H226 [H226], NCI-
H292, NCI-H295R [H295R], NCIH358 [H-358; H358], NCI-H460 [H460], NCI-H69 [H69],
NCI-H929 [H929], NCM460, NCTC clone 929, Neural precursor- cow, Neural stem cell (NSC),
Neural stem cell (NSC)- human, Neural stem cell (NSC)- mouse, Neural stem cell (NSC)- rat,
Ncuro-2a [N2a], Ncuroblastoma, Ncuron- cortical- mousc, Ncuron- hippo/cortical- rat, Ncuron-
hippocampal- chicken, Neuronhippocampal- mouse, Neuron- mesencephalic- rat, Neuron-
striatal- mouse, Neuron- striatal- rat, NG108-15, NIH/3T3, NK-92, NK3.3, NKL, NKL1, NRK,
NRK-49F, NRK52E, NSO, NS1, NSC34, NTERA-2 cl.D1, OCI-AML1a, OCI-AML.2, OCI-
AML3, OCI-LY-10, OCI-LY-3, Olfactory neuron- rat, Oligodendrocyte- rat, OP-6, OVCAR3, P.
knowlesi, P19, P3X63Ag8, P§15, PAC2, Pam212, PANC-1, Panc89, PBMC- human, PC-12,
PC-3, Perkinsus marinus, Plasmodium berghei, Plasmodium falciparum, Plasmodium yoelii,
PLB-985, PMC42, Podocytemouse, PS1, PtK1, R28, R%ab, RAEL, RAG2-/- R2ZBM3-7, Raji,
Ramos, Rat2, RAW 264.7, RBL, RBL-1, RBL-2H3, RCC26, RD, REH, Renal Cell Carcinoma,
Renal proximal tubule cellshuman, RF/6A, RFL-6, Rh4, Rin 1046, RIN m5f, RKO, RL-952,
RMAS, RPMI8226, RS4-11, RT4, RWPE-1, S1A.TB.4.8.2, S49, SA1IN, SAM-19, Saos-2,
SbCI2, Schneider's Drosophila Line 2, Schwannoma cell line, SCI-ET27, SCID.adh, SET-2, Sf9
(ovarian), Sf9 (ovarian), SGHPL-4, SH-SY5Y, SIRC, SK-BR-3, SK-MEL 100, SK-MEL 103,
SK-MEL 147, SK-MEL 173, SK-MEL 187, SK-MEL 19, SK-MEL 192, SK-MEL 197, SK-
MEL 23, SK-MEL 29, SKMEL 31, SK-MEL 85, SK-MEL 94, SK-MEL-28, SK-MEL-5, SK-N-
AS, SK-N-DZ, SK-N-FI, SK-N-MC, SK-N-SH, SK-OV-3, Skeletal muscle- (SkMC) human,
SKNAS, SKW6.4, SMCairway (HASM)- human, SMC- aortic (AoSMC)- human, SMC- aortic
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(AoSMCQC)- mouse, SMCaortic (AoSMC)- pig, SMC- aortic (AoSMC)- rat, SMC- bladder
(BASMC(C)- human, SMCbronchial- human normal (BSMC), SMC- cervix- human, SMC-
coronary artery- human (CASMC), SMC- coronary- rat, SMC- pul.artery (PASMC)- human,
SMC- rat, SMC- ureterhuman, SMC- uterus- human (UtSMC), SMC- vascular- human, SMC-
vascular- monkey, SMCvascular- rat, SP2/0, SP53, Stroco5, SUIT-2, SUMS2PE, SUP-T1,
SVEC 4-10, SW13, SW1353, SW48, SW480, SW620, SWE837, SW872, Synoviocyle- human,
SZ795, T cell line- chicken, T cell- human peripheral blood unstim., T cell- human stim., T cell-
mouse - BALB/c, T cellmouse - C57BL/6, T cell- rabbit- stimulated, T-47D, T/C-28 a2, T/G
HA-VSMC, TO, T1165, T2, T24, T84, TA3, TF-1, TG40, TGW, THP-1, TK6, TOM-1, Tot2,
Trabecular meshwork- human, Trabecular meshwork- pig, Trophoblast- human, Trophoblast-
mouse, Trypanosoma brucei, Trypanosoma congolense, Trypanosoma cruzi, TS/A, TT,
Turbinate cell- cow, U-2 OS, U-2940, U-87 MG, U-937, U138MG, U251, U251MG, U266B1,
U373, U373MG, U87, UACC903, UMR 106-01, UMSCC-14A, UT7, UT7 GM-CSF dependent,
UT7-Epo, UT7-EpoS1, UT7-TPO, V5, V79, VAL, Vero, WEHI-231, WEHI-279, WERI-Rb-1,
WI-38. WIL2-S, WM-266-4, WM35, WRO, XG6, XG6, Z-138, Zcbrafish ccll linc, ZF4.

Any suitable cargo may be delivered or extracted from any suitable cells using the
present invention. The cargo delivered by the present invention into cells may include, but are
not limited to clustered regularly interspaced short palindromic repeats (CRISPR) associated
endonuclease (Cas, such as Cas9), transcription activator-like effector nucleases (TALEN), zinc
finger nuclease (ZFN), Guide ribonucleic acid (guide RNA), single stranded donor
oligonucleotides (ssODN), messenger ribonucleic acid (mRNA), precursor mRNA (pre-mRNA),
bacterial artificial chromosome (BACS), peptide nucleic acid (PNA), P-form deoxyribonucleic
acid (pDNA), chromosomes, mitochondria, small interfering RNA (siRINA), short hairpin RNA
(shRNA), microRNA (miRNA), proteins, morpholinos, metabolites, small molecules, peptides,
anitbodies, nanobodies, carbon nanotubes, fluorescent tags and/or dyes, molecular beacons,
deoxyribonucleic acid (DNA) origami, nanodevices, microelectromechanical systems (MEMS)
devices, polymer constructs including controlled compound release structures (such as
polymersome nanoparticles), metal or other functional nanoparticles, nuclei, subcellular
organclles, ribozymes, cnzymes, microbial pathogens, microbceads, surfacc Raman-cnhanced
particles, quantum dots, radionuclide, or magnetic beads. The invention also contemplates the

use of episomal vectors.
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For example, CRISPR-associated (Cas) proteins may be used in certain embodiments of
the invention. Proteins originally found in bacteria in association with clustered, regularly
interspersed palindromic repeats (CRISPR) have been dubbed Cas proteins. Cas proteins include
Cas9, Cpfl, C2cl, C2c3, and C2c2, and modified versions of Cas9, Cpfl, C2c1, C2c3, and
(C2c2, such as a nuclease with an amino acid sequence that is different, but at least about 85%
similar to, an amino acid sequence of wild-type Cas9, Cpf1, C2c¢1, C2c3, or C2c¢2, or a Cas9,
Cpfl, C2cl, C2c3, or C2c2 protein. Of those, Cas9 was initially identified as an RNA-guided
endonuclease that complexes with both a trans-activating RNA (tractrRNA) and a CRISPR-RNA
(crRNA), and is guided by the crRNA to an approximately 20 base target within one strand of
double-stranded DNA (dsDNA) that is complementary to a corresponding portion of the crRNA,
after which the Cas9 endonuclease creates a double-stranded break in the dsDNA. Cas9
endonuclease is one example among a number of homologous Cas endonucleases that similarly
function as RN A-guided, sequence-specific endonucleases. Some variants of Cas endonucleases
in which an active site is modified by, for example, an amino acid substitution, have been found
to be catalytically inactive, or “dcad”, Cas (dCas) protcins and function as RNA-guided DNA-
binding proteins.

Cas endonucleases and dCas proteins are understood to work with tracrRNA and crRNA
or with a single guide RNA (sgRNA) oligonucleotide that includes both the tracrRNA and the
crRNA portions and, as used herein, “guide RNA” includes any suitable combination of one or
more RNA oligonucleotides that will form a ribonucleoprotein (RNP) complex with a Cas
protein or dCas protein and guide the RNP to a target of the guide RNA. The guide RNAs
typically include a targeting portion of about 20 bases which will hybridize to a complementary
target in dsDNA, when that target is adjacent a short motif dubbed the protospacer-adjacent
motif (PAM), to thereby bind the RNP to the dsDNA. When dCas protein is linked to an effector
domain and complexed with guide RNA, the resultant complex can upregulate or downregulate
transcription. When the target of the guide RNA is within a promoter, the linked effector domain
can recruit RNA polymerase or other transcription factors that ultimately recruit the RNA
polymerase, which RNA polymerase then transcribes the downstream gene into a primary
transcript such as a messenger RNA (mRNA). Such a usc of dCas protcin to modulate
transcription may be exploited to assay for which guide RNAs initiate transcription that results in

a particular cellular phenotype and, by mapping a target of those guide RNAs to a particular
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locus in a reference genome, to identifier promoters at which to regulate transcription to direct a
cell to the particular cellular phenotype.

Introducing the dCas proteins and delivering the guide RN As may be done as a single
step by providing the stem cell with a ribonucleoprotein (RNP) comprising the dCas protein
linked to the transcription regulator and complexed with the guide RNA. The stem cells may be
stimulated to take up the formed RNP using a technique such as electroporation, nanoparticle
transfection, or preferably laser excitation of plasmonic substrates. Optionally, introducing the
dCas proteins and delivering the guide RNAs includes providing the stem cells with: an mRNA
encoding a fusion protein that includes the dCas protein and the transcription regulator; and at
least one of the guide RNAs. In some embodiments, introducing the dCas proteins includes
delivering a vector comprising a gene for a fusion protein that includes the dCas protein and the
transcription regulator. The vector (e.g., a plasmid or viral vector) may be constitutively
expressed in the stem cells. The vectors may be introduced into the stem cells by transfection or

transduction.

Incorporation by Reference

References and citations to other documents, such as patents, patent applications, patent
publications, journals, books, papers, web contents, have been made throughout this disclosure.

All such documents are hereby incorporated herein by reference in their entirety for all purposes.

Equivalents

The invention may be embodied in other specific forms without departing from the spirit
or essential characteristics thereof. The foregoing embodiments are therefore to be considered in
all respects illustrative rather than limiting on the invention described herein. Scope of the
invention is thus indicated by the appended claims rather than by the foregoing description, and
all changes which come within the meaning and range of equivalency of the claims are therefore

intended to be embraced therein.
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Claims

What is claimed is:
1. An intracellular delivery system comprising:
a laser-activated surface;
cells positioned at a distance [rom the laser-activated surlace; and
a laser providing a laser pulse that enables the cells to import and/or export cargo from or

to a medium surrounding the cells.

2. The intracellular delivery system of claim 1, wherein the cells flow into and out of a

space adjacent to the laser-activated surface.

3. The intracellular delivery system of claim 1, wherein the cells flow in a continuous flow.
4. The intracellular delivery system of claim 1, whercin the cclls arc stationary.
5. The intracellular delivery system of claim 1, wherein cargo delivered is initially confined

to a layer within liquid adjacent to the laser-activated surface and adjacent to a cell layer.

6. The intracellular delivery system of claim 1, wherein the laser-activated surface is

selectively targeted to porate specific cells.

7. The intracellular delivery system of claim 6, wherein the laser-activated surface is

spatially targeted.

8. The intracellular delivery system of claim 6, wherein the laser-activated surface is

temporally targeted.
9. The intracellular delivery system of claim 1, whercin transport of cargo into or out of the

cells subsequent to poration is further promoted by one or more of additional laser pulses,

electric fields, turbulent flow, or thermal pulses.
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10. The intracellular delivery system of claim 1, further comprising contrast-agent type
microbubbles.
11. The intracellular delivery system of claim 10, wherein the contrast-agent type

microbubbles are added to the liquid surrounding the cells.

12. The intracellular delivery system of claim 10, wherein a first set of microbubbles is laser-

generated and then imploded by a second set of laser-generated bubbles.

13. The intracellular delivery system of claim 1, wherein the laser pulse is provided by an
optical source comprising diode-pumped solid state lasers, lamp-pumped solid state lasers, gas

lasers, fiber lasers, diode lasers, or quantum cascade lasers.

14. The intracellular delivery system of claim 13, wherein the laser pulse is provided by a

continuous wavc lascr.

15. The intracellular delivery system of claim 13, wherein the laser pulse is produced from a

Q-switched, directly modulated, or chopped/redirected light source.

16. The intracellular delivery system of claim 1, wherein cargo is selected from the group
consisting of Cas9, dCas, Cas9 RNP, dCas RNP, episomal vectors, TALEN, ZFN, guide RNA,
ssODN, mRNA, pre-mRNA, BACs, PNA, pDNA, chromosomes, mitochondria, siRNA, shRNA,
miRNA, proteins, morpholinos, metabolites, small molecules, peptides, anitbodies, nanobodies,
carbon nanotubes, fluorescent tags and/or dyes, molecular beacons, DNA origami, nanodevices,
MEMS devices, polymer constructs including controlled compound release structures, metal or
other functional nanoparticles, nuclei, subcellular organelles, ribozymes, enzymes, microbial
pathogens, microbeads, surface Raman-enhanced particles, quantum dots, radionuclide, and

magnetic beads.

17. The intracellular delivery system of claim 1, wherein the laser-activated surface is

patterned.
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18. The intracellular delivery system of claim 17, wherein the laser-activated surface
comprises a patterned layer of material selected from the group consisting of a thin layer of

metal, polymer materials, ink-containing polymers, and an oxide layer.

19. A method of intracellular delivery comprising:
positioning a laser-activated surface at a distance from cells; and
applying a laser pulse to the surface to porate membranes of the cells to deliver or extract

cargo from the cells into a liquid surrounding the cells.

20. The method of claim 19, wherein the cells flow into and out of a space adjacent to the

laser-activated surface.

21 The method of claim 19, wherein the cells flow in a continuous flow.
22. The method of claim 19, wherein the cells are stationary.
23. The method of claim 19, wherein cargo delivered is initially confined to a layer within

liquid adjacent to the laser-activated surface and adjacent to a cell layer.

24. The method of claim 19, further comprising selectively targeting the laser-activated

surface to porate specific cells.

25. The method of claim 24, wherein the laser-activated surface is spatially targeted.
26. The method of claim 24, wherein the laser-activated surface is temporally targeted.
27. The method of claim 19, wherein transport of cargo into or out of the cells subsequent to

poration is promoted by applying onc or morc of additional lascr pulscs, clectric ficlds, turbulent

flow, or thermal pulses.
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28. The method of claim 19, further comprising adding contrast-agent type microbubbles to

the liquid surrounding the cells.

29. The method of claim 28, further comprising laser-generating a first set of microbubbles

and then imploding the first set of microbubbles by a second set of laser-generated bubbles.

30. The method of claim 19, wherein the laser pulse is provided by an optical source
comprising diode-pumped solid state lasers, lamp-pumped solid state lasers, gas lasers, fiber

lasers, diode lasers, or quantum cascade lasers.

31. The method of claim 30, wherein the laser pulse is provided by a continuous wave laser.

32. The method of claim 30, wherein the laser pulse is produced from a Q-switched, directly

modulated, or chopped/redirected light source.

33. The method of claim 19, wherein cargo is selected from the group consisting of Cas9,
dCas, Cas9 RNP, dCas RNP, TALEN, ZFN, guide RNA, episomal vectors, ssODN, mRNA, pre-
mRNA, BACs, PNA, pDNA, chromosomes, mitochondria, siRNA, shRNA, miRNA, proteins,
morpholinos, metabolites, small molecules, peptides, anitbodies, nanobodies, carbon nanotubes,
fluorescent tags and/or dyes, molecular beacons, DNA origami, nanodevices, MEMS devices,
polymer constructs including controlled compound release structures, metal or other functional
nanoparticles, nuclei, subcellular organelles, ribozymes, enzymes, microbial pathogens,
microbeads, surface Raman-enhanced particles, quantum dots, radionuclide, and magnetic

beads.
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