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Cell Poration

Field of the Invention

The present invention relates to a system and method for targeted membrane poration
of biological cells and tissues in a specific area, and large scale poration of those in a
wide area with microbubbles excited by the laser-induced breakdown of optically
trapped single nanoparticles.

Background of the Invention

A number of mechanisms are known for allowing transient poration of cells for the
introduction of therapeutic agents. Recently, this has included a suite of optical
methods, which add the potential of sterility, reconfigurability and single cell selectivity.
For example, high repetition rate (~80 MHz) femtosecond laser pulses of low average
power (< 100 mW) can be used to create low density plasmas at a focus that react with
the cell’s lipid bilayer causing transient pores to be generated, see Vogel, A, Linz, N.,
Freidank, S. and Paltauf, G., Phys Rev Left 100 (3), 0381021-0381024 (2008). They
are suitable for membrane poration of cells achieving high transfection efficiency of up
to 80% with an acceptable cell viability of ~80%, as described by Tirlapur, U. K. and
Konig, K., Nature 418 (6895), 290-291 (2002) and Tsampoula, X. et al., App/ Phys Lett
91 (5), 0563902 (2007). However, this approach requires the precise positioning of the
laser focus on the cell membrane and is unsuitable for a high-throughput transfection

system.

Cavitation bubbles can also play an important role in plasma membrane poration. It is
known that acoustic bubbles oscillated by ultrasonic irradiation (insonation) can lead to
enhanced membrane permeabilization (sonoporation) of cells. This is described in the
art, see for example: Feril, L. B. et al., Ultrasound Med Biol 29 (2), 331-337 (2003);
Miller, D. L. and Song, J. M., Ultrasound Med Biol 29 (6), 887-893 (2003); Honda, H.,
Kondo, T., Zhao, Q. L., Feril, L. B. and Kitagawa, H., Ultrasound Med Biol 30 (5), 683-
692 (2004), and Prentice, P., Cuschierp, A., Dholakia, K., Prausnitz, M. and Campbell,
P., Nat Phys 1 (2), 107-110 (2005). When cavitation occurs near a rigid boundary such
as a cell membrane, the bubbles tend to collapse asymmetrically, often forming high
speed liquid jets directed toward the wall that can cause localized membrane poration,
thus allowing the uptake of molecules by these cells (Benjamin, T. B. and Ellis, A. T.,
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Philos Tr R Soc S-A 260 (1110), 221-245 (1966)). However, this approach often
activates multiple cavitation bubbles, which lead to non-uniform and sporadic molecular
uptake that lacks refined spatial control.

Cavitation bubbles can be produced by the optical breakdown or ablation of an
absorptive medium (see Barnes, P. A. and Rieckhof, K. E., App/ Phys Lett 13 (8), 282-
284 (1968) and Bell, C. E. and Landt, J. A., App! Phys Lett 10 (2), 46-48 (1967)). Of the
approaches devised to date, membrane permeabilization of cells has been achieved at
the expense of a significant amount of cell lysis owing to the relatively high breakdown
threshold of the absorptive substances used in this procedure, e.g. water (present In
the medium) or silica (glass coverslips) resulting in @ much larger cavitation bubble
(millimeters in diameter) compared to cell size (tens of micrometers) See Hellman, A.
N.. Rau, K. R., Yoon, H. H. and Venugopalan, V., J Biophotonics 1 (1), 24-35 (2008),
Rau K. R., Quinto-Su, P. A., Hellman, A. N. and Venugopalan, V., Biophys J 91 (1),
317-329 (2006), and Soughayer, J. S. et al., Anal Chem 72 (6), 1342-1347 {2000).

Summary of the Invention

The present invention relates 1o targeted membrane poration of cells in a specific area
and large scale poration of those in a wide area with microbubbles excited by the laser-
induced breakdown of optically trapped single nanoparticles. Poration of the cell
membrane ideally creates an opening through the cell (typically the opening is
temporary, and with time it closes over).

When light, for example from a Q-switched laser operating with nanosecond laser
pulses, is focused onto an optically trapped single nanoparticle, laser-induced
breakdown can take place, leading to the formation of plasma and emission of
shockwaves by its expansion followed by the vaporization of the nanoparticle or liquid
(surrounding aqueous medium). This vapor volume effectively constitutes a cavitation
bubble, which expands as the volume of the ablated nanoparticle or vaporized liquid
increases. Bubble expansion and its subsequent collapse can be accompanied by the
emission of acoustic transients and microjetting depending on the position of the
cavitation bubble relative to the substrate. These photomechanical properties can lead
to the permeabilization of plasma membrane of cells.
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The jet formation and emission of the acoustic transients upon collapse depend on the

dimensionless stand-off parameter, y between the bubble and wall, v = Z¢/Rynax, Where
Zo is the distance between the bubble/nanoparticle centre and the wall, and R.. is the
maximum bubble radius (Hentschel, W. and Lauterborn, W., Appl/ Sci Res 38, 225-230
(1982)). When y < 1 (i.e. the bubble wall is in contact with the boundary.), the jet
formation is predominant compared to the acoustic emission. On the other hand, when
y >> 1, (i.e. the bubble Is free from distortion.), the bubble energy is more efficiently
transformed into acoustic energy. Thus, the jet can cause localized membrane
poration of multiple cells in a targeted zone, while the acoustic transients can yield
large scale poration of cells in a wide area (hundreds of micrometers) as the acoustic
waves can propagate a long distance (typically hundreds of micrometers) in the sample
medium.

It is important to control the volume/size of cavitation (determines the total bubble
energy available for the jet and acoustic energies) as well as its axial position from the
boundary (determines the relative intensity between the jet and acoustic emissions).
Optical tweezers allow the confinement and positioning of micro- and nano-particles at
a desired location within the sample. With this approach, the threshold energy required
for LIB is dependent on the nanoparticle material and its size and is free from the
surrounding medium. Thus, the technique can optimize the bubble energy and stand-

off parameter y, which lead to membrane permeabilization of mammalian ceils with

retention of cell viability.

In summary, the method of the invention has the potential to increase the applicability
of optically controlied cell transfection. The technique only requires a modest
nanosecond laser pulse energy, reduces cell lysis, and operates in a spatially selective
manner. It offers major advantages due to its simplicity, lower cost, and higher
reliability when compared to existing methods.

The method of the invention may further involve introducing, or allowing to be
introduced, a material into the porated cell. The material that is to be introduced may
be a fluid.

Multiple nanoparticles may be provided and the method involves simultaneously
causing laser-induced breakdown of the multiple particles.
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An optical element may be used to generate multiple beams from a single laser source
for trapping the multiple particles.

5 An optical element may be used to generate multiple beams from a single laser source
for causing laser induced breakdown of the multiple particles.

An optical element may be used to generate multiple beams from a single laser source
for causing laser induced breakdown of the muitiple particles. The same optical

10 element may be used to generate multiple beams from another laser source for
causing laser induced breakdown of the multiple particles.

The optical element may a diffractive optical element, for example a spatial light
modulator, or an acousto optic deflector.
15

The method may involve positioning the particle close to a hard surface before causing
laser induced breakdown.

The particle may have a dimension of 1 micrometer; preferably less than or equal to

20 500 nm. The particle may have a sized to match the diffraction limited focal spot size
of the breakdown laser.

The particle may be made of any suitable material, for example a material selected

from: silica; polystyrene; latex; gold; silver; carbon. The particle may be shaped as a
25 sphere or shell or rod.

According to another aspect of the invention, there is provided a system for porating

one or more cells comprising means for positioning a particle near the or each cell;, and

means for causing laser-induced breakdown of the particle to create one or more
30 cavitations, wherein the cavitation(s) causes poration of the cell.

Brief Description of the Drawings

Various aspects of the invention will now be described by way of example only and with
reference to the accompanying drawings, of which:
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Figure 1 shows various stages in the formation of a bubble using laser-induced
breakdown of a nanoparticle, and the collapse of the bubble to form a jet;

Figure 2 is an illustration of a nanoparticle trapped in the vicinity of a cell that is
to be porated using laser-induced breakdown of the nanoparticle;

Figure 3 i1s a schematic diagram of an optical arrangement for trapping and
causing laser-induced breakdown of a nanoparticle;

Figure 4 shows residual gas bubbles by the laser-induced breakdown of 500
nm and 1 um nanoparticles and the subsequent cellular response;

Figure § shows molecular injection of Propidium iodide (Pl) into CHO-K1 celis
by the laser-induced breakdown of a 500 nm nanoparticle, and cell viability assay using
Calcein-AM (CAM);

Figure 6 shows the optimization of the transfection of Mito-DsRed encoding
plasmids into CHO-K1 cells with two different parameters, namely nanoparticle size

ranging from 400 nm to 2 um, and axial location between 5 and 25 um from the

substrate;

Figure 7 shows molecular injection of Pl into CHO-K1 cells in a wide area (>250
um in diameter) by the laser-induced breakdown of a 500 nm nanoparticle;

Figure 8 shows the transfection of Mito-DsRed encoding plasmids into CHO-K1
cells in a wide area,

Figure 9 is a schematic diagram of an optical arrangement for trapping and
causing simuitaneous laser-induced breakdown of multiple nanoparticles, and

Figure 10 shows the results of simultaneous multi-site targeted nanosurgery for
CHO-K1 cells by the laser-induced breakdown of three 500 nm nanoparticles optically
trapped at multiple sites using a dynamic diffractive optical element.

Description of the Drawings

The present invention involves optical trapping of single nanoparticles using lasers.
For example, optical tweezers can be used to confine and position micro- and nano-
particles at a desired location within a sample. This is done in the vicinity of a cell that
has to be porated. Once located and trapped in the appropriate position, the particle is
exposed to laser radiation of a nanosecond pulse to cause laser-induced breakdown.
This optical breakdown causes, in turn, the formation of a cavitation bubble that can
produce a jet flow and/or acoustic transients for porating the cell of interest. With this
approach, the threshold energy required for laser-induced breakdown is dependent on
the nanoparticle material and its size and is free from the surrounding medium
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(typically water or a water based fluid). Thus, this technique can optimize cavitation
and can be used for many applications, for example plasmid-DNA transfection of
mammalian cells, with good retention of cell viability.

In general, the optical breakdown of a nanoparticle causes the formation of a cavitation
bubble, which results in both a fluid jet and/or acoustic transients upon collapse.
However, by varying one or more parameters, one of these can be encouraged to
dominate. This allows a degree of control over the poration process.

The jet formation and emission of the acoustic transients depend on the dimensionless
stand-off parameter, y between the bubble and wall,

Y = Zo/Rmax,

where Z, is the distance between the bubble/nanoparticle centre and the wall and Rnay
Is the maximum bubble radius (Hentschel, W. and Lauterborn, W., App/ Sci Res 38,
225-230 (1982)). When vy < 1 (i.e. the bubble wall is in contact with the boundary.), the
jet formation is predominant compared to the acoustic emission. On the other hand,

when y >> 1, (i.e. the bubble is free from distortion.), the bubble energy is more
efficiently transformed into acoustic energy.

Figure 1 shows three stages in the formation of a bubble using laser-induced
breakdown of a nanoparticle. In this case, the nanoparticle is in a fluid, e.g. water, and
Is positioned relatively close to a hard substrate (y ~1). This arrangement is designed
to encourage the formation of a jet of fluid. Figure 1(a) shows the start of the process.
Here, the nanopatrticle has been trapped relatively close to the substrate and exposed
to laser light to cause optical breakdown. This causes plasma to form, which vaporizes
the nanoparticle as well as its surrounding water and creates a vapour bubble which
expands rapidly. After an initial period of expansion, the bubble starts to collapse.
Because the bubble is relatively close to the substrate, its coliapse is asymmetric, as
shown in Figure 1(b). This causes the bubble to move down towards the substrate.
Further collapse results in the formation of a jet flow, which traverses the bubble
volume, which leads to a donut or toroidal shaped bubble, as shown in Figure 1(c).
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Figure 2 shows a schematic of the laser-induced breakdown of an optically trapped
single nanoparticle in proximity to a plurality of cells. In this case, a single nanoparticle
Is trapped in an optical trap in the vicinity of a cell that has to be porated. By varying
the axial position of the trapped particle, the stand-off parameter, y can be adjusted,
and so the effect of the collapse of the cavitation can be controlled. As noted above, if
the nanoparticle is trapped close to the cell (y <1), then on laser-induced breakdown, a
jet dominates allowing the poration of cells in a localized area. If nanoparticle is
trapped relatively further away from the cells (y >>1), then on laser-induced breakdown,
acoustic transients dominate ailowing the poration of multiple cells in a wide area.

The required energy (i.e. the threshold energy) for laser-induced breakdown or
cavitation Is dependent on the absorption cross-section of the material of the
nanoparticle. By introducing nanoparticles, the energy required for laser-induced
breakdown can be reduced compared with prior art arrangements that rely on the
breakdown the medium in which the cells are present, typically water. The breakdown
thresholds for various materials are shown in Figure 2. By using nanoparticles with
relatively low breakdown thresholds (for example less than 1 J/mm?), the transfer of
photon energy required to cause breakdown is reduced and consequently the
cavitation volume/size is reduced. The nanoparticle size can also affect the cavitation
volume/size, as the volume of the vaporised nanoparticle effectively constitutes a
cavitation bubble. Hence, the size of the cavitation or bubble can be controlled by

selection of the material and/or size of the nanoparticle.

Various experiments have been done to test the effectiveness of cell poration. Figure 3
shows an experimental set-up having a laser for causing laser-induced breakdown of a
nanoparticle and a laser for forming an optical trap for positioning the nanoparticle. In
particular, the system of Figure 3 has a 1070 nm CW fiber laser (IPG Laser GmbH,
YLM-5-1070-LP; power of ~100 mW) was focused by a microscope objective (Nikon
Ltd., E plan 100x 1.25 numerical aperture (NA)/oil) to optically trap a polystyrene
nanoparticle (from 400 nm to 2 um in diameter) within the buffer medium. The
nanoparticle was manipulated to a predefined location between 0 and 25 um above the
plane of the cell monolayer. Techniques for optically trapping and manipulating
particles are well known and so will not be described herein in detail. Once in position,
a 532 nm frequency doubled Q-switched Nd:YAG laser (Elforlight Ltd., SPOT: pulse

width of ~1 ns, energy of ~1 nJ, and repetition rate of 1 kHz) was coaligned with the
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trapping beam and focused through the same objective onto the trapped nanoparticle
for 40 ms to effect laser-induced breakdown.

Figure 4 shows the formation of residual gas bubbles by the laser-induced breakdown
of 500 nm and 1 um nanoparticles and the subsequent cellular response. Figures 4 (a)
and (d) show residual gas bubbles formed in the deionized water over 160 ms after
laser-induced breakdown. Figures 4 (b) and (e) show the displacements of celis by the
laser-induced breakdown in the presence of a CHO-K1 cell monolayer. Figures 4 (c)
and (f) show changes in cell morphology, 60 s after laser-induced breakdown. In the
Figures, ‘X’ denotes the location of laser-induced breakdown.

In the presence of a CHO-K1 cell monolayer, the cellular area affected by the laser-
induced breakdown of a 500 nm nanoparticle was smaller ~40 um (Figure 4(b)) than
that of a 1 um nanoparticle, ~60 um (Figure 4(e)) in diameter. A large displacement of
cells from the laser-induced breakdown of a 1 um nanoparticle, was indicated by an
intense signal (Figure 4(e)) resulting in three or more cells undergoing lysis (Figure
4(f)) while changes in cell morphology with the laser-induced breakdown of a 500 nm
nanoparticle were characterized by granulation and nucleus condensation (Figure

4(c)).

From these experiments, it can be seen that the kinetic jets have the potential to
damage the surface, which leads to the appearance of circular clearance zones in the
cell covered substrates (Figure 4 (c),(f)). The physical perturbations to these cells can
be optimized by the nanoparticle material, its size, and its axial location from the cell
monolayer.

Figure 5 shows optical injection of Propidium iodide (Pl) with the laser-induced
breakdown of a 500 nm nanoparticle positioned at an axial location of 10 um above the
cell monolayer, and cell viability assay using Calcein-AM (CAM). Figure 5 (a) shows a
brightfield image of cells immediately after the experiment. Figures 5 (b) and (c) show
fluorescence images of Pl and CAM, respectively. Cells showing both the Pl and CAM
signal indicate the injection of Pl with retention of cell viabllity.

The optimization of this technique for gene transfection was studied using two different

parameters, namely nanoparticle size ranging from 400 nm to 2 um, and axial location
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between 5 and 25 um from the cell monolayer. The results of this study are shown in
Figure 6 for the transfection of Mito-DsRed encoding plasmids into CHO-K1 cells.

Figure 6(a) shows a brightfield image of a cell monolayer, 48 hours after the
experiment with the laser-induced breakdown of a 500 nm nanoparticle at an axial
location of 10 um. The corresponding fluorescence image (Figure 6(b)) indicates a
typical colony of transfected cells with the plasmid expressing the Mito-DsRed protein
observed under a fluorescence microscope. The number of transfected cells was
typically ~3 by the laser-induced breakdown of a single nanoparticle with the optimized
parameters, which are 500 nm in nanoparticle size and 10 um in axial location (Figure
6(c),(d)). The control cells were exposed to the CW 1070 nm and nanosecond 532 nm
lasers without any laser induced breakdown. This clearly shows these two parameters
can optimize the transfection efficiency.

The contribution of the acoustic transients excited by the spherical bubble collapse has
not been considered. Preliminary studies have provided evidence of the role of
acoustic transients to the observed cellular effects. Figure 7 shows molecular injection
of Pl into multiples of CHO-K1 cells in a wide area (>250 pm in diameter) by the laser
induced breakdown of a 500 nm nanoparticle. Figures 7 (a), (b), (d) and (e) show a
large number of CHO-K1 cells (>100) injected with Pl. Acoustic transients emitted from
the collapsing bubble are considered to be responsible for such large scale poration.
Fluorescence images of CAM indicate the cells injected with Pl remain viable (Figure
7C).

Figure 8 shows the transfection of Mito-DsRed encoding plasmids into CHO-K1 cells in
a wide area. Figure 8 (a) shows a brightfield image of cells, 48 hours after the laser-
induced breakdown of a 500 nm nanoparticle. Figure 8 (b) shows the corresponding

fluorescence image of transfected cells ~50.

Simultaneous multi-site targeted nanosurgery for cells or tissues by the laser-induced
breakdown of single nanoparticles optically trapped at muitisite using a dynamic
diffractive optical element was successfully demonstrated using spatial light modulators
(SLMs) (Hamamatsu, LCOS-SLM X10468).
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Figure 9 shows an example of a suitable optical arrangement for simultaneous multi-
site poration. This has two SLMs one each for dividing the outputs from the trapping
laser and the breakdown laser into multiple beams, each beam being positioned and
arranged to target one of a plurality of different sites. The same effect may also be
achieved with other optical devices, such as an acousto-optic deflector. The CW 1064
(for trapping) and nanosecond 532 nm (for laser-induced breakdown) lasers were both
multiplexed by the SLMs to three spots each forming an equilateral triangle with side of
~10 um, projected onto the same focal plane of a water immersion objective (Carl

Zeiss Ltd., 63x, 1.2NA/W). The three trapped nanoparticles, each 500 nm in diameter
were then targeted for breakdown by the multiplexed nanosecond laser. The results
are shown in Figure 10.

Figures 10 (a) and 10 (c) show three trapped 500 nm nanoparticles placed on an
equilateral triangle with side of ~10 um above the cell monolayer before laser-induced
breakdown. Figure 10 (b) shows cell morphology, 5 s after the experiment. Figures 10
(d) and (e) show time-resolved images of the laser-induced breakdown of these three
trapped nanoparticles. This result suggests that the technique has the potential to
allow a fully optically controlled cavitation system for multi-site targeted nanosurgery for
cells or tissues in future.

The present invention uses laser-induced breakdown of optically trapped single
nanoparticles to gain control over microbubble cavitation for successful molecular
injection or transfection. The laser-induced cavitation bubbles, which cause the
formation of a hydrodynamic jet and/or acoustic transients upon collapse, played an
important role in membrane poration of cells. The kinetic jet can cause localized
membrane poration of cells in a targeted area, while the acoustic transients can yield
large scale poration of these cells in a wide area as the acoustic waves can propagate
a long distance in the sample medium. Physical impact to cells from those
microbubbles inducing membrane permeabilization of cells with retention of cell viability
can be optimized by the laser-induced breakdown parameters, such as nanoparticle
material and its size. With jets, multiple cell transfection can be achieved in specific
targeted regions. The number of transfected cells was typically ~3 by the laser-
induced breakdown of a single 500 nm nanoparticle positioned at an axial location of

10 um above the cell monolayer. With acoustic transients, ~50 cells in a wide area
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>250 um in diameter were successfully transfected by the laser-induced breakdown of

a single 500 nm nanoparticle.

The invention provides a platform for the multi-site-specific transfection of multiple cells
or tissues by the use of laser-induced breakdown combined with the aid of the optical
trapping and SLM techniques. Unlike photoporation techniques using femtosecond
laser pulses, the precise positioning of the laser focus on the cell membrane is
unnecessary, yet it allows targeted transfection of multiple cells in a specific area. The
laser-induced breakdown condition suitable for high-throughput transfection can be
optimized by the laser-induced breakdown parameters.

The present invention has the potential to increase cell transfection capability, avoiding
cell lysis, with consequent advantages in its simplicity, lower cost and higher reliability
than existing methods. It can also achieve the targeted transfection of multiple cells in
a specific zone by the hydrodynamic jets, or allows large scale transfection of cells in a
wide area by the acoustic transients depending on the laser-induced breakdown
condition. Consolidation of the optical trapping and laser-induced breakdown allows a
fully optically controlled microbubble cavitation system for simultaneous and multi-site
targeted nanosurgery for cells or tissues when coupled with a dynamic diffractive
optical element.

A skilled person will appreciate that variations of the disclosed arrangements are
possible without departing from the invention. For example, whilst the invention is
described with reference to cell poration, it could be used for the poration of other
biological material or tissue. Indeed, it could be used for the poration of non-biological
material, for example, any material that has an outer membrane. Accordingly the
above description of the specific embodiment is made by way of example only and not
for the purposes of limitation. It will be clear to the skilled person that minor
modifications may be made without significant changes to the operation described.
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Claims

. A method for porating one or more cells comprising positioning a particle near

the or each cell; and causing laser-induced breakdown of the particle to create
one or more cavitations, wherein the cavitation(s) causes poration of the cell.

. A method as claimed in claim 1 comprising using optical trapping 1o position the

particie.

. A method as claimed in claim 1 or claim 2 wherein the particle has one or more

dimensions in the nanometer range.

. A'method as claimed in any of the preceding claims comprising applying pulses

of laser light to the trapped particle to cause laser-induced breakdown.

. A method as claimed in any of the preceding claims wherein the particle is

made of a material selected from: silica; polystyrene; latex; gold; silver; carbon.

A method as claimed in any of the preceding claims wherein the particle is
shaped as a sphere or shell or rod.

. A method as claimed in any of the preceding claims comprising porating

multiple cells using the laser-induced breakdown of a single particle.

. A method as claimed in any of the preceding claims comprising introducing, or

allowing to be introduced, a material into the porated cell.

. A method as claimed in claim 8 wherein the material that is to be introduced is a

fluid.

10. A method as claimed in any of the preceding claims wherein multiple

nanoparticles are provided and the method involves simultaneously causing
laser-induced breakdown of the multiple particles.
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11. A method as claimed in claim 10 comprising using an optical element to
generate multiple beams from a single laser source for trapping the muiltiple
particles.

5 12. A method as claimed in claim 10 or claim 11 comprising using an optical
element to generate multiple beams from a single laser source for causing laser
induced breakdown of the multiple particles.

13. A method as claimed in claim 10 comprising using an optical element to
10 generate multiple beams from a single laser source for causing laser induced
breakdown of the multiple particles and using the same optical element for
generate multiple beams from another laser source for causing laser induced
breakdown of the multiple particles.

15 14. A method as claimed in any of claims 10 to 13 wherein the optical element is a
diffractive optical element, for example a spatial light modulator, or an acousto
optic deflector.

15. A method as claimed in any of the preceding claims comprising positioning the
20 particle close to a hard surface before causing laser induced breakdown.

16. A method as claimed in any of the preceding claims wherein the particle has a
dimension of 1 micrometer; preferably less than or equal to 500 nm to match
the diffraction limited focal spot size of the breakdown laser.

25
17. A system for porating one or more cells comprising means for positioning a
particle near the or each cell; and means for causing laser-induced breakdown
of the particle to create one or more cavitations, wherein the cavitation(s)
causes poration of the cell.
30

18. A system as claimed in claim 17 wherein the means for positioning the particle
comprises means for generating an optical trap.

19. A system as claimed in claim 17 or claim 18 wherein the means for causing
3.5 laser induced breakdown comprises a pulsed laser.
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20. A system as claimed in any of claims 17 to 19 wherein the particle is made of a
material selected from: silica; polystyrene; latex; gold; silver; carbon.

21. A system as claimed in any of claims 17 to 20 wherein the particle is shaped as
a sphere or shell or rod.

22. A system as claimed in any of claims 17 to 21 that is adapted to porate multiple
cells using the laser-induced breakdown of a single particle.

23. A system as claimed in any of claims 17 to 22 wherein multiple nanoparticles
are provided and the means for causing laser-induced breakdown are operable
to simultaneously cause breakdown of the multiple particles.

24. A system as claimed in claim 23 comprising an optical element for generating
multiple beams from a single laser source for trapping the multiple particles.

25. A system as claimed in claim 23 or claim 24 comprising an optical element for
generating multiple beams from a single laser source for causing laser induced

breakdown of the multiple particles.

26. A system as claimed in claim 23 comprising an optical element to generate
multiple beams from a single laser source for causing laser induced breakdown
of the multiple particles and to generate multiple beams from another laser
source for causing laser induced breakdown of the muitiple particles.

27. A system as claimed in any of claims 24 to 26 wherein the optical element is a
diffractive optical element, for example a spatial light modulator, or an acousto

optic deflector.

28. A system as claimed in any of claims 17 to 27 wherein the means for
nositioning the particle are arranged to position it close to a hard surface before
causing laser induced breakdown.
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29. A system as claimed in any of claims 17 to 28 wherein the particle has a
dimension of 1 micrometer; preferably less than or equal to 500 nm to match
the diffraction limited focal spot size of the breakdown laser.



CA 02795498 2012-10-04
WO 2011/124899 PCT/GB2011/000533

117

X ‘Ubbl@l ?
~ franslation ,’

Nan P rti I
a o a 'c e Vi f"’f’)"f"‘%ii b-'r*cf‘;:.jﬂ'":' LA T
S EER VSR ‘f?%;ﬁétﬁﬁag

RPN G e
? N A i-’ﬁ’z;g,"’ P ¥
A d {‘-'\ At“’(}' \r}? .

Breakdown
Subst
{ HPStances 1 inr. (J/mm?)
Water ~3
d aga ~N
Silica l 0.7
— Polystyrene l”0.3
Gold | ~4x10
Cells
Q-switched Nd:YAG _—
zumida et al,, Jpn J Appl Phys 37, 2039 {1998
laser pulses, 532 nm Wuetal, Opt Express 18, 938-946 (201%) )

Figure 2



CA 02795498 2012-10-04
WO 2011/124899 PCT/GB2011/000533

217

ﬂ
i
|
!
'
|
|
|
i
!
i
k
|
|
i
i
|
i
|
'
|
'
%
i
!
i
!
|
i
i
i
:

T
Humination :

’

. {
, ¥
: $
' ¢
.
N

L5 hdd

|
.
¢
. ~
CEEIT SERL ¢
¢
...
5
Vo
[
2 & . '
b 2 1 .
iy i _
. q A SRR YA L ) [l A NS o s T b g, T
¢ g . N
p¢ - o .
. .
. '
- i
.
.,i H
¢ B ]
.

Figure 3



CA 02795498 2012-10-04
WO 2011/124899 PCT/GB2011/000533

.ad 500 nm “160 ms *

No Cells

*N"
b"i'&-ﬁ
'.:’-' N /fl‘;,;c ..
"4' 'Q

kg

Figure 5



CA 02795498 2012-10-04
WO 2011/124899 PCT/GB2011/000533

47

> . v - v
[ 2 ’ - - - »
. » " - v v
20t - | : ‘
# b ¢ r R % 2 @& ¥ a2 P e 4N M s e .1,0 v

3 ' - - 2
’ J -~ - .
L4 ’ - - »

L L

oooooooooooooooooooo

—d
-

Number of cells transfected

-

400 500 700 10002000Cont. 5 10 15 20 25 Cont.
Nanoparticle size (nm) Axial location (i1 m)

Figure 6



CA 02795498 2012-10-04
WO 2011/124899 PCT/GB2011/000533

o017

oU Lum

200 pum 200 pum




CA 02795498 2012-10-04
WO 2011/124899 PCT/GB2011/000533

iﬁi-_tﬂl‘i‘_u“_“_i“_b«-z-z-i.sﬁ;- Al 20 e ™ s .am - G & o B A O
¥ . .
;:1 Humination:
i | ; i ' - !

3 |
1’1
{ ]
R i

.

N#&on
ECLIPSE
TE

[ cone

r
huﬁim-ﬁiﬂiﬂ4ﬁiﬂ&=>“<ﬂ“vnfﬁ:

L.  Lenzes
M,  BMlirrcrs
SLsA. Epatal light modulanar
AP, Aporurgs
Ql, Optsal isolalos
PR, Polaizer
R

i

‘ ’
iz K

L1

E. T M N B AR A aE: '-.Uzﬂﬁ--mu--mm-—ﬂru:-t-n'n:u'-u'-t.n‘.-.-:-I- TR OEN N B e

F

Figure 9



CA 02795498 2012-10-04

WO 2011/124899 PCT/GB2011/000553

-
» .
.
Geoas cen denawe ¥ ‘ *v‘ﬂwn”,&% v oes s
. . . X
. .

' - . . N

G I o
"~

<

v
>

- D
HU | . ; ek
v n .
[i
8

8

N

Caeooed

Dpr el D SO e D
e

o

N

2 N

<

Sl

Figure 10



	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings

