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(57) ABSTRACT 

This invention provides novel tools for Surgery on single cells 
and substrates/devices for delivery of reagents to selected 
cells. In certain embodiments the Substrates comprise a Sur 
face comprising one or more orifices, where nanoparticles 
and/or a thin film is deposited on a surface of said orifice or 
near said orifice, where the nanoparticles and/or a thin film 
are formed of materials that heat up when contacted with 
electromagnetic radiation. In certain embodiments the pores 
are in fluid communication with microchannels containing 
one or more reagents to be delivered into the cells. 
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PHOTOTHERMAL SUBSTRATES FOR 
SELECTIVE TRANSFECTION OF CELLS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims benefit of and priority to 
U.S. Ser. No. 61/486,114, filed May 13, 2011, which is incor 
porated herein by reference in its entirety for all purposes. 

STATEMENT AS TO RIGHTS TO INVENTIONS 
MADE UNDER FEDERALLY SPONSORED 

RESEARCH AND DEVELOPMENT 

0002. Not Applicable 

BACKGROUND OF THE INVENTION 

0003 Transferring cargo into mammalian cells over a 
wide range of 1 sizes, including proteins, DNA, RNA, chro 
mosomes, nuclei, and inanimate particles, such as quantum 
dots, Surface-enhanced Raman scattering (SERS) particles, 
and microbeads, is highly desirable in many fields of biology. 
Delivery methods, such as endocytosis, can entrap cargo in an 
endosome, where the low pH microenvironment and lytic 
enzymes often lead to cargo degradation (Luo and Saltzman 
(2000) Nat. Biotechnol. 18:33–37). Viral and chemical deliv 
ery methods package the cargo inside a virus or form chemi 
cal complexes that enhance uptake (Naldini et al. (1996) 
Science, 272: 263-267; Feigneretal. (1987) Proc. Natl. Acad. 
Sci. USA, 84: 7413-7417). However, toxicity, cell-type spe 
cific uptake, and more importantly limited cargo packing 
capacity impose a significant constraint on cargo size and 
transferable cell types (Luo and Saltzman, Supra.). 
0004 Physical transfer methods include electroporation 
(Chu, et al. (1987) Nucleic Acids Res. 15: 1311-1326) and 
sonoporation (Mitragotri (2005) Nat. Rev. Drug Discovery, 4: 
255-260), which produce randomly distributed nanoscale 
pores, and optoporation (Tirlapur and Konig (2002) Nature, 
418: 290-291; Vogel, et al. (2005) Appl. Phys. B: Laser Opt., 
81: 1015-1047; Clark et al. (2006) J. Biomed. Opt., 11: 
014034), which generates pores on the cell membrane at the 
laser focal point. Through these pores, Small cargo is deliv 
ered into cells by thermal diffusion or by an electric field. 
Delivery of large cargo with these methods has low efficiency 
due to the slow speed of cargo diffusion and decreasing cell 
viability with increasing pore size (Stevenson et al. (2006) 
Opt. Express, 14: 7125-7133). Microcapillary injection (King 
(2004) Methods in Molecular Biology 245: Gene Delivery to 
Mammalian Cells 1; Humana Press Inc.: Totowa, N.J.) uses a 
sharp lass tip to mechanically penetrate a cell membrane for 
delivery. However, mechanical trauma from membrane pen 
etration limits the typical pipet tip to 0.5 um in diameter in 
order to maintain cell viability (Han et al. (2998).J. Nanomed. 
Nanotechnol Biol. Med., 4:215-225). 
0005 Cargo larger than the pipettip cannot be injected due 
to pipet clogging and cargo shearing. Electroinjection, which 
combines electroporation with microcapillary injection, has 
demonstrated small molecule delivery, such as RNA and plas 
mid DNA, into live cells (Boudes et al. (208) J. Neurosci. 
Meth., 170: 204-211; Kitamura et al. (2008) Nat. Meth., 5: 
61-67) and bacteria delivery into artificial lipid vesicles (Hur 
tig and Orwar (2008) Soft Matter, 4: 1515-1520) by weaken 
ing the contacting cell membrane with an electric field, fol 
lowed by gentle mechanical penetration into the cell. 
Alternatively, a simple lipid assisted microinjection (SLAM) 
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technique (Laffafian and Hallett (1998) Biophys.J., 75:2558 
2563) incorporates synthetic lipid molecules at the tip of a 
glass microcapillary. Contact of the SLAM micropipettewith 
a cell membrane allowed the lipid molecules to fuse with the 
cell membrane to form a continuous and temporary pathway 
for cargo delivery. This method avoids the ZigZag stabbing 
motion of the micropipette tip through the cell membrane. 
However, the lipohilic interactions with cargo and cell mem 
brane could produce unwanted biological effects in the cell as 
well as with the delivery cargo, limiting this method to spe 
cific cell types and cargo contents. 

SUMMARY OF THE INVENTION 

0006. In certain embodiments the present invention pro 
vides a cell Surgery tool that can achieve highly local penetra 
tion of a cell with significantly reduced damage or stress to the 
cell. In certain embodiments a cell microSurgery tool is pro 
vided where the tool comprises a microcapillary (e.g., 
micropipette) having at and/or near the tip a metal film or a 
plurality of nanoparticles that can be heated by application of 
electromagnetic energy. 
0007. In certain embodiments a cell microsurgery tool is 
provided. Typically, the tool comprises a microcapillary hav 
ing at and/or near the tip a metal film or a plurality of nano 
particles that can be heated by application of electromagnetic 
energy. In certain embodiments the microcapillary comprises 
a hollow bore. In certain embodiments the tip of the micro 
capillary ranges in diameter from about 0.01 um, 0.05um, 0.1 
um, or 0.5um to about 1 um, 3 Lim, 5um, 8 um, or 10 um. In 
certain embodiments the micropipette has an OD ranging 
from about 0.5 to about 2 um or 3 um. In various embodiments 
the nanoparticles range in size from about 50 nm to about 500 
nm. In various embodiments the nanoparticles range in size 
from about 10 nm to about 500 nm. In various embodiments 
the nanoparticles are selected from the group consisting of a 
nanobead, nanowire, a nanotube, a nanodot, a nanocone, and 
a quantum dot. In various embodiments the metal film or 
nanoparticles comprise a noble metal, a noble metal alloy, a 
noble metal nitride, and/or a noble metal oxide. In various 
embodiments the metal film or nanoparticles comprise a tran 
sition metal, a transition metal alloy, a transition metal nitride, 
and/or a transition metal oxide. In various embodiments the 
metal film or nanoparticles comprises a magnetic, paramag 
netic, or Superparamagnetic material. In various embodi 
ments the microcapillary comprises a material selected from 
the group consisting of glass, a mineral, a ceramic, and a 
plastic. In certain embodiments the microcapillary comprises 
a glass microcapillary having nanoparticles near the tip. In 
certain embodiments the microcapillary comprises a glass 
microcapillary having gold nanoparticles near the tip. In cer 
tain embodiments the microcapillary comprises a glass 
microcapillary where the nanoparticles are predominantly 
located within 100 um of the tip of the microcapillary. 
0008 Also provided is a method of performing microma 
nipulations on a cell. The methods typically involves contact 
ing the cell with a microSurgery tool as described herein; and 
applying electromagnetic energy to the tool whereby the tem 
perature of the metal film or metal nanoparticles is increased 
thereby facilitating penetration of the tool into or through the 
membrane of the cell. In certain embodiments the applying 
electromagnetic energy comprises applying light to heat the 
metal film or the nanoparticles. In certain embodiments the 
applying electromagnetic energy comprises applying a laser 
beam to heat the metal film or the nanoparticles. While laser 
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heating is generally preferred, other electromagnetic sources 
are contemplated. Accordingly, in certain embodiments the 
applying electromagnetic energy comprises applying a mag 
netic field to heat the metal film or the nanoparticles. In 
certain embodiments the applying electromagnetic energy 
comprises applying an electric field to heat the metal film or 
the nanoparticles. In various embodiments the temperature of 
the metal film or metal nanoparticles is increased at least 100, 
150, 200,250,300, or 350 degrees Celsius above-ambient. In 
certain embodiments the method further comprises injecting 
a material into the cell through the microcapillary tube. In 
certain embodiments the method further comprises removing 
a material from the cell through the microcapillary tube. In 
certain embodiments the microcapillary comprises a hollow 
bore. In certain embodiments the tip of the microcapillary 
ranges in diameter from about 0.1 um to about 5um. In certain 
embodiments the nanoparticles range in size from about 5 mm 
to about 500 nm and/or from about 10 nm to about 400 nm. In 
certain embodiments the nanoparticles are selected from the 
group consisting of a nanowire, a nanotube, a nanodot, a 
nanocone, and a quantum dot. In various embodiments the 
metal film or nanoparticles comprise a noble metal, a noble 
metal alloy, a noble metal nitride, and a noble metal oxide. In 
various embodiments the metal film or nanoparticles com 
prise a transition metal, a transition metal alloy, a transition 
metal nitride, and a transition metal oxide. In various embodi 
ments the metal film or nanoparticles comprise a magnetic, 
paramagnetic, or Superparamagnetic material. In certain 
embodiments the microcapillary comprises a material 
selected from the group consisting of glass, a mineral (e.g., 
quartz), a ceramic, and a plastic (e.g., polypropynene, poly 
ethylene, polystyrene, DELRINR, TEFLONR), etc.). In cer 
tain embodiments the microcapillary comprises a glass or 
quartz microcapillary having nanoparticles near the tip. In 
certain embodiments the microcapillary comprises a glass 
microcapillary having gold nanoparticles near the tip. In cer 
tain embodiments the microcapillary comprises a glass 
microcapillary where the nanoparticles are predominantly 
located within 100 um of the tip of the microcapillary. 
0009. Also provided is a system for performing microsur 
gery on a cell, the system comprising a microSurgery tool as 
described herein, and a micromanipulator (micropositioner) 
for positioning the microSurgery tool. In certain embodiments 
the system further comprises a microscope for visualizing a 
cell manipulated by the microSurgery tool. 
0010. In certain embodiments the system further com 
prises a pump for delivering or removing a reagent (e.g., a 
molecule, organelle, or fluid) using the microSurgery tool. In 
certain embodiments the system further comprises an elec 
tromagnetic energy source (e.g., a laser) for exciting the par 
ticles/nanoparticles and/or thin film on the microSurgery tool. 
In various embodiments the electromagnetic energy source is 
selected from the group consisting of a magnetic field gen 
erator, a laser, an RF field generator, and the like. 
0011. In various embodiments this invention provides 
methods of preparing a tool for microSurgery on a cell. The 
methods typically involve attaching to a microcapillary tube a 
plurality of nanoparticles at or near the tip of the microcapil 
lary tube thereby providing a device that can be locally heated 
by application of electromagnetic energy to the nanoparticles. 
In certain embodiments the attaching comprises adsorbing 
the nanoparticles to the microcapillary. In certain embodi 
ments the attaching comprises fabricating the nanoparticles 
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in situ on the microcapillary. In certain embodiments the 
attaching comprises chemically coupling the nanoparticles to 
the microcapillary. 
0012. In certain embodiments the single-cell surgery tools 
of this invention include atomic force measurement (AFM) 
tips. For example, a nanoparticle can be integrated with an 
AFM tip for cell surgery applications. This nanoparticle inte 
grated AFM tip can cut any desire shape on a cell membrane 
by Scanning the tip and laser pulsing it. 
0013. In certain other embodiments the tools of this inven 
tion expressly exclude atomic force measurement (AFM) 
tips. 
0014. Also provided are devices for delivering an agent 
into a cell (transfection devices). In various embodiments the 
devices comprise a Surface (e.g., a transfection Substrate) 
bearing particles and/or nanoparticles and/or a film (e.g., a 
thin film) where the particles/nanoparticles and/or thin film 
comprises a material that heats up when exposed to (e.g., 
irradiated by) an energy source (e.g., electromagnetic radia 
tion Such as a laser). Cells can be disposed on or near the 
Surface, and when the particles/nanoparticles and/or thin film 
is heated up, openings are formed in the cell (e.g., the cell 
membrane is permeabilized) permitting the introduction or 
removal of various reagents into or from the cell. In certain 
embodiments the Surface comprises the Surface of a vessel 
(e.g., a cell culture vessel, a microtiter plate, a chamber in a 
microfluidic device, and the like. In certain embodiments the 
surface comprises a wall and/or floor of a well in a microtiter 
plate, a silicon or glass wafer, a microscope slide, a cell 
culture vessel, or a chamber or channel in a microfluidic 
device. In certain embodiments the Surface comprises a Sur 
face of a chamber configured to contain cells and disposed for 
viewing with a microscope. In certain embodiments the Sur 
face comprises a surface of a chamber configured to replace a 
stage on a microscope (e.g., an inverted microscope). In cer 
tain embodiments the chamber has an open top, while in other 
embodiments, the top of the chamber is closed. In certain 
embodiments the Surface comprises a material selected from 
the group consisting of a glass, a mineral, and a plastic. In 
certain embodiments the Surface comprises a material 
selected from Group II materials, Group III materials, Group 
IV materials, Group V materials, and/or Group VI materials. 
In certain embodiments the surface comprises a Group IV 
material (e.g., silicon, germanium, etc.). 
0015. In various embodiments the surface comprises one 
or more orifices. In certain embodiments the nanoparticles 
and/or thin film is deposited on a surface of the orifice or near 
the orifice. In certain embodiments the Surface comprises at 
least two orifices, or at least 3 orifices, or at least 4 orifices, or 
at least 5 orifices, or at least 8 orifices, or at least 10 orifices, 
or at least 15 orifices, or at least 20 orifices, or at least 25 
orifices, or at least 30 orifices, or at least 40 orifices, or at least 
50 orifices, or at least 75 orifices, or at least 100 orifices, or at 
least 200 orifices, or at least 300 orifices, or at least 500 
orifices. In certain embodiments said orifices are all located 
within an area of said surface of about 2 cm or less, or about 
1 cm or less, or within about 0.5 cm or less, or within about 
0.1 cm or less. In certain embodiments the nanoparticles 
and/or thin film are disposed within about 100 um, or within 
about 50 um, or within about 25um, or within about 20 um, 
or within about 15um, or within about 10um, or within about 
5um of said orifice(s). In certain embodiments the particles/ 
nanoparticles and/or thin film is deposited on a Surface of a 
plurality of the orifices and/or near a plurality of the orifices. 
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In certain embodiments the particles/nanoparticles and/or 
thin film is deposited on a surface of a majority of the orifices 
and/or near a majority of the orifices. In certain embodiments 
the particles/nanoparticles and/or thin film is deposited on a 
surface of substantially all of the orifices and/or near substan 
tially all of the orifices. In certain embodiments the nanopar 
ticles and/or a thin film are deposited on a wall and/or all 
around the lip of the orifice(s). In certain embodiments the 
nanoparticles and/or a thin film are preferentially on one 
region of a wall or lip of the orifice(s). In certain embodiments 
the nanoparticles and/or a thin film are deposited on the face 
of the surface and/or on the lip of an orifice on the same side 
on which cells are disposed. In certain embodiments the 
nanoparticles and/or a thin film are deposited on the face of 
the surface and/or on the lip of an orifice opposite the side on 
which cells are disposed. In certain embodiments the nano 
particles and/or thin film comprise a thin film. In certain 
embodiments the nanoparticles and/or thin film comprise 
nanoparticles and the nanoparticles range in size from about 
5 nm to about 500 nm. In certain embodiments the nanopar 
ticle range in size from about 2 nm, or about 5 nm, or about 10 
nm, or about 15 nm, or about 20 nm to about 400 nm, or to 
about 300 nm, or to about 250 nm, or to about 200 nm, or to 
about 150 nm, or to about 100 nm, or to about 75 nm, or to 
about 50 nm. In certain embodiments the nanoparticles are 
selected from the group consisting of a nanobead or nano 
sphere, a nanowire, a nanotube, a nanodot, a nanocone, and a 
quantum dot. In certain embodiments the nanoparticles and/ 
or thin film comprise a material selected from the group 
consisting of a semiconductor, a metal, a metal alloy, a metal 
nitride, and a metal oxide. In certain embodiments the nano 
particles and/or thin film comprise a material selected from 
the group consisting of a transition metal, a transition metal 
alloy, a transition metal nitride, and a transition metal oxide. 
In certain embodiments the nanoparticles and/or thin film 
comprise a material selected from the group consisting of 
gold, titanium (Ti), TiN, TiCn, and TiAIN. In certain embodi 
ments the nanoparticle and/or thin film comprise a Group IV 
material (e.g., silicon, germanium, etc.) doped with a Group 
III material or a Group V material. In certain embodiments the 
nanoparticle and/or thin film comprise silicon or germanium 
doped with a material selected from the group consisting of 
boron, arsenic, phosphorous, or gallium. In certain embodi 
ments one or more of the orifices are in fluid communication 
with a chamber containing a reagent to be delivered into a 
cell. In certain embodiments the device comprises a micro 
channel and one or more of the orifices are in fluid commu 
nication with the microchannel. In certain embodiments the 
device comprises a plurality of microchannels. In certain 
embodiments different microchannels are in fluid communi 
cation with different orifices. In certain embodiments the 
device comprises a manifold and/or valves to deliver fluids to 
different microchannels. In certain embodiments the micro 
channel(s) contain a reagent to be delivered into said cell. In 
certain embodiments the reagent is selected from the group 
consisting of a nucleic acids, a ribozyme, a protein or peptide, 
an enzyme, an antibody, an organelle, a chromosome, a 
pathogen, and a microparticle or nanoparticle. In certain 
embodiments the microchannel(s) (or the chamber(s)) are 
pressurized, under control of a pump, fed by a gravity feed, or 
electrokinetically pumped. In certain embodiments the 
device further comprises a controller that monitors and/or 
controls flow in said microchannel and controls timing and, 
optionally, location of the illumination of said Surface. In 
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certain embodiments the device is configured to replace the 
stage on an inverted microscope. In various embodiments one 
or more cells are disposed on the Surface and in certain 
embodiments; the cell(s) are disposed on or adjacent to an 
orifice in the substrate. In certain embodiments the cell is a 
mammaliancell (e.g., a human cell, a non-human mammalian 
cell). In certain embodiments the cell is a stem cell (e.g., a 
fetal stem cell, a cord blood stem cell, an adult stem cell, an 
induced pluripotent stem cell (IPSC), etc.). 
0016. In certain embodiments systems are provided for 
selectively creating an opening into a cell or a group of cells. 
In certain embodiments the system is one for selectively 
delivering an agent into a cell. The system typically com 
prises a device comprising a transfection Substrate (e.g., as 
described above) and a source of electromagnetic energy 
capable of heating the nanoparticles or thin film. In certain 
embodiments the Source of electromagnetic energy is a laser 
or a non-coherent light source. In certain embodiments the 
Source of electromagnetic energy is a laser. In certain embodi 
ments the system comprises a lens system, a mirror system, or 
a mask, and/or a positioning system to directing the electro 
magnetic energy to a specific region of the Surface. In certain 
embodiments the system comprises a controller that controls 
the timing and/or pattern of illumination by the source of 
electromagnetic radiation. 
0017. In certain embodiments methods are provided for 
selectively creating an opening into a cell or a group of cells. 
In certain embodiments the methods can be used to selec 
tively delivering a reagent (or multiple agents) into a cell. In 
various embodiments the methods utilize the transfection 
Substrates and/or systems (e.g., as described above). Accord 
ingly in certain embodiments, a method of delivering a 
reagent into a cell is provided. The method comprises provid 
ing cells on a device comprising a transfection Substrate (e.g., 
as described above) and/or in a system comprising a device 
fortransfecting cells (e.g., as described above) where the cells 
are disposed on the Surface (transfection Substrate); contact 
ing the cells with the reagent; and exposing a region of the 
Surface to electromagnetic radiation thereby inducing heating 
of the thin film and/or particles where the heating forms 
bubbles that introduce openings in the membrane of cells in 
(or near) the heated region resulting in the delivery of the 
reagent into those cells. In certain embodiments the cells are 
contacted with the reagent by providing the reagent in a fluid 
(e.g., buffer, culture medium) Surrounding the cells. In certain 
embodiments the cells are contacted with the reagent by 
providing the reagent in one or more orifices that are present 
in the Surface. In certain embodiments the cells are contacted 
with the reagent by providing the reagent in one or more 
microfluidic channels in fluid communication with the ori 
fices. In certain embodiments different reagents are delivered 
to different orifices. In certain embodiments the exposing 
comprises exposing a region of the Substrate to a laser pulse or 
to a non-coherent light source. In certain embodiments the 
reagent is selected from the group consisting of a nucleic acid, 
a chromosome, a protein, a label, an organelle, and a small 
organic molecule. 
0018. In certain embodiments methods of performing 
micromanipulations on a cell are provided that utilize the tip 
of a microcapillary as a light guide and/or to tune the heat 
distribution at the tip. In certain embodiments the methods 
involve contacting the cell with a microSurgery tool, the tool 
comprising a microcapillary having at and/or near the tip a 
metal film (coating) or metal nanoparticles that can be heated 
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by application of electromagnetic energy; applying electro 
magnetic energy to the tool whereby the temperature of the 
metal film or metal nanoparticles is increased resulting in the 
formation of an opening in the membrane of the cell, where 
the contact angle of the microSurgery tool with the cell and/or 
the polarization of the electromagnetic energy is varied to 
alter the size and/or shape of the opening introduced into the 
cell. In certain embodiments the applying electromagnetic 
energy comprises applying light (e.g. a laser or non-coherent 
light) to heat the film or the nanoparticles. In certain embodi 
ments the tip of the microSurgery tool is configured to act as 
a light guide. In certain embodiments the applying electro 
magnetic energy comprises applying a laser beam to heat the 
film or the nanoparticles. In certain embodiments the apply 
ing electromagnetic energy comprises applying an electric 
field and/or a magnetic field to heat metal film or the nano 
particles. In certain embodiments, the temperature of the 
metal film or metal nanoparticles is increased at least 150° C. 
above-ambient. In certain embodiments the method further 
comprises injecting a reagent into the cell through the micro 
capillary tube. In certain embodiments the tip of the micro 
capillary ranges in diameter from about 0.1 um to about 5um. 
In certain embodiments the nanoparticles range in size from 
about 5 nm to about 500 nm. In certain embodiments the 
metal film or nanoparticles comprise a semiconductor, or a 
metal selected from the group consisting of a noble metal, a 
noble metal alloy, a noble metal nitride, and a noble metal 
oxide. In certain embodiments the metal coating or nanopar 
ticles comprise a transition metal, a transition metal alloy, a 
transition metal nitride, and a transition metal oxide. In cer 
tain embodiments the metal coating or nanoparticles com 
prise a material selected from the group consisting of gold, 
titanium (Ti), TiN, TiCn, and TiAIN. In certain embodiments 
the microcapillary comprises a material selected from the 
group consisting of glass, a mineral, a ceramic, and a plastic. 
In certain embodiments the nanoparticles or film comprises a 
film. In certain embodiments the nanoparticle or film com 
prises nanoparticles. 

Definitions 

0019. The term “nanoparticles', as used herein refers to a 
particle having at least one dimension having an average size 
equal to or smaller than about 800 nm or 700 nm or 600 nm, 
or 500 nm, preferably equal to or smaller than about 200 nm 
or 150 nm, or 100 nm, more preferably equal to or smaller 
than about 50 or 20 nm, or having a crystallite size of about 10 
nm or less, as measured from electron microscope images 
and/or diffraction peak half widths of standard 2-theta X-ray 
diffraction scans. In certain embodiments, preferably, the first 
standard deviation of the size distribution is 60% or less, 
preferably 40% or less, most preferably 15 to 30% of the 
average particle size. 
0020. The phrase “range in size” with respect to nanopar 

ticle size indicates that the nanoparticles are predominantly 
within the size range. Thus, for example, in certain embodi 
ments, at least 85%, preferably at least 90%, more preferably 
at least 95%., and most preferably at least 98%, 99%, or even 
all of the nanoparticles are within the stated size range. 
0021. The term “transition metal' refers to typically refers 

to any element in the d-block of the periodic table, excluding 
Zinc, cadmium and mercury. This corresponds to groups 3 to 
12 on the periodic table. 
0022. The terms “microcapillary tube” “microcapillary', 
and “micropipette' are used interchangeably. A "microcapil 
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lary' is a tube that has a tip with a diameter of less than about 
50 um, preferably less than about 25um, more preferably less 
than about 15 um or 10 um, and most preferably less than 
about 5um. In certain embodiments the microcapillary has a 
tip diameter of about 2 um or less. In certain embodiments the 
microcapillary can be a solid rod. In certain embodiments the 
microcapillary can be replaced with a pipette (capillary tube) 
having a larger tip diameter (e.g., greater than about 200 nm 
as described herein). 
(0023 The terms “nucleic acid” or “oligonucleotide' or 
grammatical equivalents herein refer to at least two nucle 
otides covalently linked together. A nucleic acid of the present 
invention is preferably single-stranded or double stranded 
and will generally contain phosphodiester bonds, although in 
Some cases, as outlined below, nucleic acid analogs are 
included that may have alternate backbones, comprising, for 
example, phosphoramide (Beaucage et al. (1993) Tetrahe 
dron 49(10): 1925) and references therein; Letsinger (1970).J. 
Org. Chem. 35:3800; Sprinzl et al. (1977) Eur: J. Biochem. 
81: 579; Letsinger et al. (1986) NucL Acids Res. 14: 3487: 
Sawai et al. (1984) Chem. Lett. 805, Letsinger et al. (1988).J. 
Am. Chem. Soc. 110: 4470; and Pauwels et al. (1986) 
Chemica Scripta 26: 1419), phosphorothioate (Mag et al. 
(1991) Nucleic Acids Res. 19:1437; and U.S. Pat. No. 5,644, 
048), phosphorodithioate (Briu et al. (1989) J. Am. Chem. 
Soc. 111 :2321, O-methylphophoroamidite linkages (see 
Eckstein, Oligonucleotides and Analogues. A Practical 
Approach, Oxford University Press), and peptide nucleic acid 
backbones and linkages (see Egholm (1992) J. Am. Chem. 
Soc. 114:1895; Meier et al. (1992) Chem. Int. Ed. Engl. 31: 
1008; Nielsen (1993) Nature, 365:566; Carlsson et al. (1996) 
Nature 380: 207). Other analog nucleic acids include those 
with positive backbones (Denpcy et al. (1995) Proc. Natl. 
Acad. Sci. USA 92: 6097; non-ionic backbones (U.S. Pat. 
Nos. 5,386,023, 5,637,684, 5,602,240, 5,216,141 and 4,469, 
863; Angew. (1991) Chem. Intl. Ed. English 30: 423; 
Letsinger et al. (1988).J. Am. Chem. Soc. 110:4470; Letsinger 
et al. (1994) Nucleoside & Nucleotide 13:1597; Chapters 2 
and 3, ASC Symposium Series 580, “Carbohydrate Modifi 
cations in Antisense Research”. Ed.Y.S. Sanghui and P. Dan 
Cook; Mesmaeker et al. (1994), Bioorganic & Medicinal 
Chem. Lett. 4: 395; Jeffs et al. (1994).J. Biomolecular NMR 
34:17; Tetrahedron Lett. 37:743 (1996)) and non-ribose back 
bones, including those described in U.S. Pat. Nos. 5.235,033 
and 5,034,506, and Chapters 6 and 7, ASC Symposium Series 
580, Carbohydrate Modifications in Antisense Research, Ed. 
Y. S. Sanghui and P. Dan Cook. Nucleic acids containing one 
or more carbocyclic Sugars are also included within the defi 
nition of nucleic acids (see Jenkins et al. (1995), Chem. Soc. 
Rev. pp.169-176). Several nucleic acid analogs are described 
in Rawls, C & E News Jun. 2, 1997 page 35. These modifi 
cations of the ribose-phosphate backbone may be done to 
facilitate the addition of additional moieties such as labels, or 
to increase the stability and half-life of such molecules in 
physiological environments. 
(0024. The terms “polypeptide”, “peptide' and “protein' 
are used interchangeably hereinto refer to a polymer of amino 
acid residues. The terms apply to amino acid polymers in 
which one or more amino acid residue is an artificial chemical 
analogue of a corresponding naturally occurring amino acid, 
as well as to naturally occurring amino acid polymers. The 
term also includes variants on the traditional peptide linkage 
joining the amino acids making up the polypeptide. Preferred 
"peptides”, “polypeptides, and “proteins’ are chains of 
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amino acids whose a carbons are linked through peptide 
bonds. The terminal amino acid at one end of the chain (amino 
terminal) therefore has a free amino group, while the terminal 
amino acid at the other end of the chain (carboxy terminal) 
has a free carboxyl group. As used herein, the term "amino 
terminus” (abbreviated N-terminus) refers to the free 
C.-amino group on an amino acid at the amino terminal of a 
peptide or to the C-amino group (imino group when partici 
pating in a peptide bond) of an amino acid at any other 
location within the peptide. Similarly, the term “carboxy ter 
minus’ refers to the free carboxyl group on the carboxy 
terminus of a peptide or the carboxyl group of an amino acid 
at any other location within the peptide. Peptides also include 
essentially any polyamino acid including, but not limited to 
peptide mimetics such as amino acids joined by an ether as 
opposed to an amide bond. 
0025. The term “reagent(s)' when used with respect to 
substances to be delivered into cells include any substance 
that is to be delivered into (or extracted from) a cell. Such 
reagents include, but are not limited to nucleic acids (includ 
ing, for example, vectors and/or expression cassettes, inhibi 
tory RNAs (e.g., siRHA, shRNA, miRNA, etc.), ribozymes, 
proteins/peptides, enzymes, antibodies, imaging reagents, 
organelles (e.g., nuclei, mitochondria, nucleolus, lysosome, 
ribosome, etc.), chromosomes, intracellular pathogens, inani 
mate particles. Such as quantum dots, Surface-enhanced, 
Raman scattering (SERS) particles, microbeads, and the like. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0026 FIG. 1 schematically illustrates one embodiment of 
the cell-Surgery tool. 
0027 FIG. 2 shows an SEM image of glass micropipette 
coated with carbon (left panel) and a TEM image of synthe 
sized gold nanoparticles (right panel). 
0028 FIG. 3 shows cells before and after laser pulsing. 
(Top) Glass micropipette(Middle) carbon coated micropi 
pette(Bottom) gold nanoparticles coated micropipettete. 
0029 FIG. 4 shows TEM images of aspect ratio 3.2 (A:24 
hr) and 5.8 (C: 72 hr). 
0030 FIG. 5 illustrates the fabrication of a transfection 
Substrate using a biolistic injector (left panel) to bombarding 
gold particles directly onto a plastic substrate. The middle 
panel a typical particle on the Substrate, while the right panel 
illustrates the particle density on the substrate. 
0031 FIG. 6, panels A-D, shows a method of forming 
nanoparticles on a Surface by heating a thin film (e.g., using a 
pulsed laser) to formannealed particles. In this example, a 30 
nm gold film with 2 nm titanium adhesion layer was heated 
with a pulsed laser (532 nm, 6 ns) at 113.2 ml/cm for 100 
pulses. Particle size ranged from 0.1 to 0.7 um (see, e.g., panel 
C). Particle density was about 0.65 particle/um=65 particle 
per cell (assuming cell area~10 umx10 um). 
0032 FIG. 7 illustrates a schematic of one embodiment of 
a device capable of light-patterned molecular delivery using a 
gold particle coated Substrate. 
0033 FIG. 8 illustrates a schematic of an experimental 
setup for light-patterned molecular delivery and a time-re 
Solved imaging system used to capture the cavitation bubble 
dynamics. 
0034 FIG.9 shows bubbles induced by pulsed laser irra 
diation on the gold particles. (a) Before the laser pulse (b) 78 
ns after the laser pulse. Bar-50 um. 
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0035 FIG. 10 shows light-patterned fluorescence dye 
uptake in HEK293T cells using a shadow mask. (a) Bright 
field (b) Fluorescent image (mask covered the side to the right 
of the dash line. 
0036 FIG. 11 shows preliminary photothermal pipette 
tests on 293T cells. Before (left column) and after (right 
column) laser pulsing. Pipettes were coated with Au/Pd thin 
films of different thickness. Film thickness=5 nm (panel a) 
versus 13 nm (panelb). The laser fluence used in both experi 
ments was 88.3 m.J/cm. 
0037 FIG. 12, panels a-c, show microinjection of GFP 
encoding plasmids into adherent 293T cells using gold thin 
film coated pipette. Panela: Microinjection procedure, Panel 
b: A fluorescent image of cells 24 hours after injection, show 
ing cells viable and expressing GFP, Panel c. An image over 
laying the phase contrast and the fluorescence images. 
0038 FIG. 13 shows a schematic of non-adherent cell 
microinjection using plasmonic photothermal pipette com 
bined with optical tweezers (top panel) and an image showing 
a Nalm-6 cell trapped by optical tweezers while in contact 
with the photothermal pipette tip (bottom panel). 
0039 FIG. 14 schematically illustrates a substrate for par 
allel, selective delivery of one or more reagents into cells. 
0040 FIG. 15 schematically illustrates one configuration 
of a “transfection Substrate' comprising microchannels to 
selectively deliver reagents into cells. 
0041 FIGS. 16A-16C, schematically illustrate the opera 
tion of one illustrative substrate for parallel, selective delivery 
of one or more reagents into cells. As illustrated in FIG.16A, 
a cell is disposed over one of the orifices in the array and the 
orifice is in fluid communication with a microchannel. As 
illustrated, one edge of the orifice is coated with a thin film of 
in this case, titanium. The film is heated by use of an energy 
Source (e.g., a pulsed laser). This results in heating of the thin 
film as illustrated in FIG.16B. An expanding vapor bubble is 
formed that results in formation of an opening through the 
lipid bilayer of the cell. As illustrated in FIG.16C, deliverable 
materials pass from the microchannel through the orifice into 
the cell via passive diffusion or active pumping. 
0042 FIG. 17 schematically illustrates one method of fab 
ricating a substrate such as the one illustrated in FIG. 14. 
0043 FIG. 18 shows a photograph of an illustrative trans 
fection substrate. 
0044 FIG. 19 illustrates parallel bubble excitation on a 
reagent delivery substrate. By irradiating the structure with a 
laser pulse (6 ns in pulsewidth and 532 nm in wavelength), the 
bubbles were synchronously generated in each of the circular 
openings. Due to the new-moon-shaped Tithin film coating, 
the bubble explosion took place only along parts of the cylin 
drical sidewall. 
0045 FIG. 20, panels A and B, illustrate membrane open 
ing (panel (a)) and the use of a reagent delivery Substrate to 
deliver a test reagent to HeLa cells (panel (b)). Membrane 
impermeable green-fluorescent FITC-dextran (molecular 
weight=3k Da.) was loaded in the cell culture media at a 
concentration of 200ug/ml. After laser pulsing at 156 m.J/cm 
fluorescent dye uptake was observed in the cell grown on top 
of the circular orifice and subjected to laser-triggered bubble 
explosion. Here the delivery is through passive diffusion. 
0046 FIG. 21 illustrates the ultrafast membrane cutting 
mechanism using a photothermal nanoblade for cargo deliv 
ery into live mammaliancells. A Tithin film coats the outside 
of a glass micropipettete. Upon excitation by a nanosecond 
laser pulse, the Tiheats rapidly, along with a thin Surrounding 
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aqueous layer through heat conduction. An explosive vapor 
nanobubble that expands and collapses in <1 us locally cuts 
the contacting cell membrane in synchronization with pres 
sure-driven delivery of the microcapillary contents. 
0047 FIGS. 22A-22D show the structure of a Ti-coated 
micropipetteand the calculated intensity pattern from laser 
excitation. FIGS. 22A and 22B: Scanning electron micro 
Scope images of a pulled, Ti-coated micropipette. Inner diam 
eter=1.38+0.1 um (meants.d.). Outer diameter=1.88+0.1 
um. Thickness of Tithin film=102+8 nm. (The arrow points to 
edge of the glass filament running inside the micropipette.) 
FIG. 22C: Normalized intensity profiles at the tip of the 
micropipette under laser excitation (n=1.86+2.56i (Lynch 
and Hunter (1998) Introduction to the data for several metals. 
In Handbook of Optical Constants of Solids, Vol. III; Aca 
demic Press: San Diego, Calif.), n=1.46, n=1.34, 
=532 nm.) 0–30°). FIG. 22D: Time-averaged optical 

absorption profiles (OIE) in the Tiring at the micropi 
pette tip. 
0048 FIGS. 23 A-23C illustrate ultrafast membrane cut 
ting by the photothermal nanoblade and cell viability evalu 
ation. FIG.23A: A nanobubble with maximum radius extend 
ing to 0.4 um from the rim of the pipettip when in contact with 
the cell membrane. Energy transfer to the contacting mem 
brane reduces the size of nanobubble formation and locally 
cuts the plasma membrane. FIG. 23B: Fast expansion and 
collapse dynamics of a vapor nanobubble within 270 ns in 
free suspension and 170 ns in contact with a HeLa cell mem 
brane. FIG. 23C: Cell viability postphotothermal delivery. 
The control experiment was performed using a glass-only 
micropipette in contact with the cell (no piercing through the 
membrane) and illuminating with a laser pulse at the same 
fluence (180 ml/cm). Cell viability is >90% when cells were 
Subjected to laser pulsing and membrane opening alone 
(98+11% (meants.d.)) and in experiments where cells were 
Subjected to laser pulsing and liquid injection (94-4%). 
0049 FIG. 24 illustrates the wide range of deliverable 
cargo sizes by the photothermal nanoblade. GFP-expressing 
RNA was delivered into lipofectamine-resistant IMR90 pri 
mary human lung fibroblasts. DSRed-containing lentivirus 
coated onto a 100 nm green fluorescent bead was expressed in 
ROCK inhibitor dispersed human embryonic stem cells fol 
lowing transfer. Fluorescent beads of 200 nm in diameter 
were delivered into HEK293T cells without clogging. B. thai 
landensis bacterial transfer into HeLa cells was achieved with 
high efficiency and high cell viability. 
0050 FIGS. 25A-25C illustrate high-efficiency bacterial 
delivery into HeLa cells by the phothermal nanoblade. FIG. 
25A: Pathway of bacterial uptake following transfer (Wiers 
inga et al. (2006) Nat. Rev. Microbial. 4:272-282). FIG.25b: 
GFP-labeled Burkholderia thailandensis was transferred into 
a HeLa cell (average efficiency=46+33% (mean (s.d.)) along 
with red-fluorescent dextrantetramethylrhodamine. Confocal 
Z-axis scanning showing multiple bacteria inside a red-fluo 
rescent cell. FIG. 25b: Multiplication and actin polymeriza 
tion of transferred mOherry-labeled B. thailandensis in HeLa 
cells. 

0051 FIG. 26 illustrates cell membrane cutting patterns 
produced by the photothermal nanoblade under different 
laser polarizations and micropipetteorientations. Laser flu 
ence=360 m.J/cm. Pipette tip diameter=2 um. (a) Linear 
polarization. (b) Circular polarization. (c) Linearly polarized 
laser excitation with micropipettetilted at 30° from the verti 
cal axis. Bar in inset=1 um. 
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0052 FIG. 27 illustrates the effect of illumination angle 
and polarization on the thermal distribution at a nanoblade 
tip. Instantaneous intensity is shown in the top row and time 
averaged intensity is shown in the bottom row. Left column 
show a vertically oriented tip with linear polarization. Middle 
column shows a vertically oriented tip with circular polariza 
tion. Right column shows a tilted tip (30°) with linear polar 
ization. 
0053 FIGS. 28A-28C illustrate the effect of illumination 
angle and polarization on opening made into a cell. FIG. 28A 
illustrates the opening made with a vertical pipette (nano 
blade) heated using linearly polarized light. FIG. 28B illus 
trates the opening made with a vertical pipette (nanoblade) 
heated using circularly polarized light. FIG. 28C illustrates 
the opening made with a tilted pipette (nanoblade). 

DETAILED DESCRIPTION 

0054. In certain embodiments this invention pertains to a 
new tool/device useful for "surgical procedures on single 
cells and to substrates for the manipulation of cells and/or the 
delivery or extraction of reagents from those cells. 

Surgical Tool for Operation on Cells. 

0055. In various embodiments a “single cell surgical tool 
is provided to perform microinjection, microextraction, and/ 
or intracellular manipulations with minimal cell damage. It 
can be used with any cell bounded by a lipid bilayer (e.g., a 
eukaryotic cell, more preferably a vertebrate cell, still more 
preferably a mammalian cell type). In certain embodiments 
the device can be utilized with cells comprising a cell wall 
(e.g., plant cells). 
0056. In certain illustrative embodiments, the device com 
prises a microcapillary tube (e.g., micropipettete) comprising 
“energy absorbent nanoparticles and/or an "energy absor 
bent thin film at or near the tip of the microcapillary. This 
device achieves precise and controllable nanoscale modifica 
tion of cells, by excitation/heating (e.g., laser-induced heat 
ing) of the metal particles/nanoparticles and/or a metal film 
(e.g., nanocoating) coated on the micocapillary. Without 
being bound to a particular theory, it is believed that when 
brought nearby or in contact with the surface of a cell, this 
extremely local heating produces precisely-sized holes in the 
cell membrane (and/or cell wall). This way the micropipette 
can penetrate the cell membrane with ease without inducing 
mechanical and biochemical damage associated with current 
microinjection and extraction techniques. This tool facilitates 
thus operative procedures on Small and mechanically fragile 
cells with a high rate of Success. 
0057 Single-cell microinjection is a powerful and versa 

tile technique for introducing exogenous material into cells, 
for extracting and transferring cellular components between 
cells, and/or for the introduction of components not normally 
found within cells, such as probes, detectors, or genetically 
engineered organelles, genes, proteins and the like. Conven 
tional glass micropipettetechniques, such as those used to 
generate transgenic mice, introduce enormous mechanical 
and biochemical stresses on the cells and yield low rates of 
Success, particularly for mechanically fragile cells. 
0.058 Current laser-induced cell ablation procedures 
eliminate this mechanical stress but require highly focused 
light and the damage Volume is diffraction-limited. In con 
trast, the cell Surgery tool describe herein can achieve 
manipulations (e.g., ablation) at a nanometer size scale at or 
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near the tip of a capillary micropipetteby local heating of 
particles/nanoparticles and/or a thin film at or near the pipette 
tip. The particles/nanoparticles and/or thin film are heated 
using electromagnetic radiation (e.g., a magnetic field, an 
electric field, an RF field, broad or focused laser pulses, and 
the like). 
0059. In various embodiments the cell surgery methods 
described herein utilize the photothermal effect of metal par 
ticles/nanoparticles and/or a thin metal film. For example, by 
controlling the geometry (e.g., aspect ratio) and/or composi 
tion of the particles and/or the thickness or composition of the 
film, the material can be “tuned so that electromagnetic 
radiation (e.g., laser energy) is strongly absorbed by particles 
and/or thin film, but not by nearby cells or cellular contents, 
thereby avoiding cell or genetic damage caused by traditional 
laser-based methods of manipulating cells. Current laser cell 
techniques rely on strong absorption of the laser power by 
cellular contents to create ablation or cavitation effects. Such 
processes can damage cells and can cause undesired break 
down of cellular constituents or chemical effects that may 
affect the biology of the cells being manipulated. 
0060. In contrast, utilizing the microsurgical tools 
described herein, the laser, or other source of electromagnetic 
energy, can be used to heat particles/nanoparticles and/or a 
thin film localized at the cell membrane by being bound to 
microcapillary pipettes. Thus, the energy source (e.g., laser) 
does not substantially damage the cells being manipulated. 
0061. Depending on the selection of materials, the nano 
particles and/or thin film can be excited (heated) by applica 
tion of essentially any electromagnetic radiation. Thus, in 
various embodiments, heating of the nanoparticles and/or 
thin film(s) is accomplished by application of a magnetic 
field, and/or an electric field, and/or an RF field, and/or light 
(e.g., a laser). 
0062 For example, metal particles, nanoparticles, and thin 
films strongly absorb electromagnetic waves with frequen 
cies close to the Surface plasmon frequency, usually in the 
visible and near-IR range. Particles, nanoparticles, and thin 
films rapidly heat up, due to the absorbed energy, to generate 
a Superheating phenomenon with evaporation of the Sur 
rounding medium. In certain embodiments of the cell Surgery 
tool, individual or multiple nanoparticles are coated onto the 
tip of a micropipettete, e.g., as shown in FIG. 1. Upon laser 
pulse excitation, nanometer diameter vapor bubbles are cre 
ated around the nanoparticles. When brought nearby or in 
contact with the Surface of a cell, this process generates con 
trolled, precisely-sized holes in the cell membrane (and/or 
cell wall). This way the micropipettecan penetrate the cell 
membrane with ease without inducing mechanical and bio 
chemical damage associated with current microinjection and 
extraction techniques. The cavitation or "hole punching pro 
cess is finished within a few nanoseconds. As a result, the rest 
of the membrane does not have time to respond and remains 
mechanically undisturbed. Once the pipette is in place in the 
cell, the “membrane hole' can be kept open for manipulations 
with devices, such as fiber optic devices, threaded through the 
hollow bore of the pipette. In certain embodiments similar 
effects can be obtained using thin metal film deposited at 
and/or near the tip of the microcapillary. 
0063. In one illustrative mode of operation, the micropi 
petteis positioned next to the targeted cell by micromanipu 
lators and/or automated (e.g., piezo-driven) stages under a 
microscope (e.g., an inverted microscope). By pulsing a laser 
(or other energy source) on the tip of the micropipettete, the 
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pipette eases through the membrane without causing signifi 
cant cell deformation. Once the pipette is inside the cell, 
Subsequent injection or extraction of molecules and cellular 
components can be performed, as can live cell intracellular 
manipulations. 
0064. The cell surgery tool can thus be used for perform 
ing single-cell microinjection, and/or extraction, and/or intra 
cellular manipulation. Hole punching on adherent cell mem 
branes has been demonstrated, and this is easily extended to 
cells in Suspension, to cells immobilized using optical twee 
Zers, and/or to cells that routinely grow inclusters, colonies, 
or clumps with the assistance of a standard Suction-based 
holding pipette. Illustrative experimental results are shown in 
FIG. 3. 

0065. In various embodiments different membrane cutting 
can be accomplished by varying the angle of the pipette 
(nanoblade) and/or by varying the laser polarization. For 
example, as the pipette tilts from 0 (vertical) to 30 degrees, the 
hot spots on the titanium ring move from being at polar 
opposite to being closer to each other (see, e.g., FIG. 27). The 
resulting cut in the membrane is “bat eye’ shaped (see, e.g., 
FIGS. 28A-28C). 
0066. Another factor controlling the cutting pattern (men 
tioned in Optics Express paper) is the pipette tip size. When 
pipette tip size is reduced to 2 micron, heat can diffuse 
between two hot spots and hence generating one "cat door 
shaped cut on the membrane. 
0067. This is illustrated in FIG. 26. In order to preserve the 
cutting patterns by the photothermal nanoblade for imaging, 
HeLa cells were pre-treated with glutaraldehyde for 20 minto 
induce protein cross-links and significantly slow cell mem 
brane resealing. During laser pulsing (laser fluence at 360 
mJ/cm), a 2 um-sized tip diameter Ticoated micropipette 
was placed in light contact perpendicular to the cell mem 
brane Surface. 

0068. After laser pulsing, cell membranes were imaged 
under a scanning electron microscope. Two holes, each (1 
um, were cut in the cell membrane along either side of the Ti 
nanostructure coated tip by applying a linearly polarized laser 
pulse, whereas a circular-shaped cut (~1.5 um diameter) was 
made by circularly polarized laser excitation (FIGS. 26(a) 
and 26(b)), matching the corresponding bubble patterns. By 
tilting the microcapillary so that only one side of the Tiring 
was in light contact with the cell membrane, a ~1.5um "cat 
door half-moonlike opening was produced in the membrane 
(FIG. 26(c)). These controlled cutting patterns were highly 
reproducible. 
0069. In another illustrative, but non-limiting configura 
tion, the pipette has titanium coating on both the tip and outer 
wall of the glass capillary. In this case bubble is generated all 
around the tip (donut). Membrane cutting is confined to the 
area in contact with the pipette tip. In this scenario, bubble 
shape does not vary significantly with pipette tilt or laser 
polarization, which, in certain embodiments, is better Suited 
for microinjection. 
0070 The cell surgery tool can provide precise intracellu 
lar access through specifically-sized membrane holes that 
remain open for periods determined by the operator, or that 
close rapidly as needed, with minimal to no cell damage for 
live-cell manipulations. The device can be used to increase 
the efficiency and Success rate for performing pronuclear 
DNA microinjection, embryonic stem cell transfer into blas 
tocysts, somatic cell nucleus transfer, repair or replacement of 
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other intracellular organelles, for the introduction of non 
cellular materials. Such as probes, and the like. 

Substrates for Delivery of Reagents and Cell Transfection. 
0071. In another embodiment, methods, devices, and sys 
tems are provided for the delivery of agents (e.g., nucleic 
acids, proteins, organic molecules, organelles, antibodies or 
other ligands, etc.) into live cells and/or the extraction of the 
same from said cells. Typically the devices comprise a Sub 
strate bearing particles (e.g., nanoparticles) and/or a thin film 
(e.g., as described above). Cells can be seeded on this Sub 
strate and, optionally grown until a confluent culture forms. In 
certain embodiments a pulsed laser (or other electromagnetic 
energy source) can irradiate the entire Substrate, or selectively 
irradiate a region of the Substrate (e.g., by irradiating a 
shadow mask whereby the corresponding illumination pat 
tern is imaged onto the Substrate). In the area exposed to the 
energy source (e.g., pulsed laser) the particles and/or thin film 
is heated to high temperatures due to the absorbed energy. 
Typically, within a few nanoseconds, the heat is dissipated 
into the liquid medium layer Surrounding the particles and/or 
thin film, thereby generating vapor bubbles. The rapid expan 
sion and Subsequent collapse of the vapor bubbles gives rise 
to transient fluid flows that induce strong shear stress on the 
nearby cell(s) causing localized pore formation in the cell 
membrane (and/or cell wall). As a result, membrane-imper 
meable molecules can be carried into the cell by fluid flows or 
thermal diffusion. Since the cavitation bubbles) preferentially 
form where the particle(s) and/or thin film is exposed to the 
energy source, irradiation patterns can be selected/designed 
that induce molecular uptake in specified areas of the cell 
culture and/or at specified times. Location of the region of 
uptake on the Substrate can be determined by a combination 
of the pattern of particle/nanoparticles and/or thin films in 
combination with the pattern of illumination. Similarly tim 
ing of uptake can be controlled by timing of illumination. In 
this way high-throughput, spatially-targeted and/or tempo 
rally-targeted molecular delivery is made possible by control 
ling the particle size, material, and/or density on the Substrate 
and/or film material and/or thickness on the substrate, the 
energy source timing, intensity and frequency, and the irra 
diation pattern(s). 
0072. In another illustrative embodiment a reagent deliv 
ery platform (e.g., a transfection Substrate) is provided by 
integrating energy absorbing films and/or micro- or nanopar 
ticles on Substrates and/or microfluidic structures. In certain 
embodiments the nanoparticles and/or thin film can be local 
ized at, on, or near certain features (e.g., pores protuberances, 
channels, and the like) that are fabricated on the substrate. In 
certain embodiments, the particles/nanoparticles and/or thin 
film is disposed on the “top side' of the substrate (where the 
cell(s) are disposed), while in other embodiments, addition 
ally or alternatively, the particles/nanoparticles and/or thin 
film is disposed on the bottom side of the substrate (e.g., the 
side opposite the side upon which the cells are disposed). In 
either case, the energy absorbing films or particles (e.g., metal 
particles/nanoparticles, and/or thin films) strongly absorb 
electromagnetic waves with frequencies close to the Surface 
plasmon frequency and rapidly heat up, due to the absorbed 
energy, to generate a Superheating phenomenon with evapo 
ration of the Surrounding medium. Upon, for example, laser 
pulse excitation, nanometer diameter vapor bubbles are cre 
ated around the nanoparticles or thin film and when in contact 
or nearby the Surface of a cell, this process generates con 
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trolled, precisely-sized holes in the cell membrane (and/or 
cell wall) to permit the entry or exit of for example, a reagent. 
The cavitation or “hole punching process is finished within 
a few nanoseconds. As a result, the rest of the membrane does 
not have time to Substantially respond and remains mechani 
cally relatively undisturbed. 
0073. In certain embodiments such devices can comprise 
one or more microfluidic orifices (e.g., on/into/through a 
Substrate) with the energy absorbing film (e.g., a Ti film) or 
nanoparticles disposed on the lip of, and/or on the side-wall 
of the orifice(s) (or near to the edge of the orifices) (see, e.g., 
FIG. 14 and FIG. 18). In certain embodiments the device 
comprises arrays of microfluidic orifices (e.g., 2 or more, 3 or 
more, 4 or more, 5 or more, 10 or more, 20 or more, 50 or 
more, 100 or more orifices) with energy absorbent micropar 
ticles or film on the lip or side wall(s) or near the orifices. The 
orifice(s) can be connected to one or to a network of channels 
(e.g., microfluidic channels). Cells can be disposed on or near 
the orifice(s). 
0074. Without being bound to a particular theory, it is 
believed there are two mechanisms for cell membrane open 
ing in Such devices. One is direct contact (or close proximity) 
of the cell membrane with the particle or film so cavitation 
bubble(s) are generated right next to the cell membrane and 
disrupts it. Another mechanism is when the cell membrane is 
not in contact with the particle and/or thin film. For example, 
in the case where the cells and particles and/or film are on 
opposite sides of the substrate, the cavitation bubbles squeeze 
fluid through cavities/pores and the resulting liquid jet punc 
tures the cell membrane. I 
0075 One such substrate (e.g., transfection substrate) is 
schematically illustrated in FIG. 15. As illustrated therein, the 
substrate comprises rows of orifices where each row is joined 
by a microchannel. In this illustrative, but non-limiting 
embodiment, two manifolds are provided that each deliver 
reagents into two microchannels. The Surfaces near or com 
prising the orifices are coated with a thin film (e.g., a thin film 
comprising Ti) and/or nanoparticles that are selectively 
heated when illuminated. Selective areas (e.g., illumination 
areas 1 and 2) of the substrate can be illuminated as desired to 
effect delivery of the reagents into cells disposed within the 
illumination area. While FIG. 15 illustrates two manifolds, in 
various embodiments, more or fewer manifolds are contem 
plated. Additionally or alternatively, delivery of reagents to 
orifices can be controlled by a valve system. In certain 
embodiments the manifolds can be eliminated. 

0076. In one illustrative, but non-limiting embodiment, a 
reagent delivery platform is provided by integrating energy 
absorbing films and/or micro- or nanoparticles on microflu 
idic structures. Such devices can comprise one or more 
microfluidic orifices (e.g., on/into/through a Substrate) with 
the energy absorbing film (e.g., a Ti film) or nanoparticles 
disposed on the lip of, and/or on the side-wall of the orifice(s) 
(or near to the edge of the orifices) (see, e.g., FIG. 14). In 
certain embodiments the device comprises arrays of microf 
luidic orifices (e.g., 2 or more, 3 or more, 4 or more, 5 or more, 
10 or more, 20 or more, 50 or more, 100 or more orifices) with 
energy absorbent microparticles or film on the lip or side 
wall(s) or near the orifices. The orifice(s) can be connected to 
one or to a network of channels (e.g., microfluidic channels). 
Cells can be disposed on or near the orifice(s). 
0077. As schematically illustrated in FIG. 16, upon heat 
ing/excitation of the orifice(s), e.g., via laser pulsing), open 
ings form in the cell membrane and/or cell wall, and reagents 
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microtiter plate, etc.) comprising nanoparticles and/or thin 
films that can be heated using a source of electromagnetic 
energy (e.g., a laser). 
0091. The micropipettetes and “transfection substrates' 
described herein can be fabricated using methods known to 
those of skill in the art. For example, in various embodiments 
an injection micropipetteis fabricated using, for example, a 
commercial pipette puller, while substrates can be fabricated 
using microfabrication methods known in the semiconductor 
industry. 

Microcapillary/Micropipettefabrication. 

0092. The microcapillary/micropipettecan be fabricated 
from any material that can be pulled, etched, or otherwise 
fabricated to the desired dimension(s) while providing the 
requisite stiffness and heat resistance to permit heating and 
cell penetration. In addition, the material is preferably not 
toxic to the cell(s) of interest. In certain embodiments the 
microcapillary comprises a material Such as glass, a mineral 
(e.g., quartz), a ceramic, a plastic (e.g., DELRINR, 
TEFLONR, etc.), a metal, a semiconductor, and the like. 
0093. When the micropipettetes is fabricated, the cross 
sectional shape of the pipette is typically circular. However, 
this does not mean that only circular pipettes can be used for 
the cell Surgery tool. Micropipettetes having other cross 
sections can be fabricated. For example, pipette tips with any 
desired patterns, circular, rectangular, or triangular can be 
fabricated on a glass or silicon wafer first and then transferred 
and assembled with an injection pipette. 
0094. In addition, a number of pre-pulled micropipettetes 
are commercially available (see, e.g., World Precision Instru 
ments, Hertfordshire, England). 
0095 Pipette diameter is an important parameter for the 
single-cell Surgery instrument. One advantage of the single 
cell Surgery instrument described herein is that it allows open 
ing a -um size hole in a cell membrane with less collateral 
damage to the cell. This allows the delivery large size DNAS 
or other materials into a cell without killing it. To reduce 
collateral damage, conventional micropipettetechniques 
typically require the outer tip diameter of a glass pipette to be 
smaller than 200 nm to facilitate the penetration across the 
flexible cell membrane of small mammalian cells. This 
restriction greatly limits the size of particles that can be deliv 
ered through conventional micropipettetechniques. Materials 
Such as chromosomes, nuclei, organelles, or other extracel 
lular materials have great research and commercial value, but 
often have a size larger than the physical size of the pipette 
opening and cannot be introduced into cells through conven 
tional techniques. 
0096. The “laser” cell surgery pipette described herein 
provides a unique solution to this problem which has the 
potential to revolutionize the entire micropipetteindustry. In 
general, the methods and devices of this invention are effec 
tive to introduce large DNA fragments (e.g., BAC-sized or 
larger DNA), nuclei, organelles, and other large moieties into 
cells more efficiently with less cell damage than other tech 
niques. Accordingly, in certain embodiments, the micropi 
pettecomprising the single cell Surgery tool described herein 
has a tip diameter greater than 200 nm, in certain embodi 
ments greater than about 300 nm, greater than about 400 nm, 
greater than about 500 nm, greater than about 600 nm, greater 
than about 700 nm, greater than about 800 nm, or greater than 
about 900 nm or 1 um. 

Feb. 12, 2015 

0097 Transfection Substrate Fabrication. 
0098. Similarly the substrate(s) comprising the “transfec 
tion substrate' can be fabricated from any convenient mate 
rial that is preferably not toxic to the cell(s), that can carry the 
particle, nanoparticle, or thin film coating, and that can toler 
ate the local heating produced by application of electromag 
netic energy to the particles, nanoparticles, and/or thin film 
(s). Suitable materials include, but are not limited to glass/ 
silicion, germanium, a mineral (e.g., quartz), a ceramic, a 
plastic (e.g., DELRINR), TEFLONR), etc.), a metal, a semi 
conductor, and the like. 
0099. In certain embodiments, the substrate comprises a 
surface of a vessel used for cell screening and/or for cell 
culture. This can include, for example, vessels for adherent or 
Suspended cell culture. This can also include, microtiter 
plates (e.g., 96, 384, 864, 1536 well, etc.), microfluidic 
devices, high density (microarray) Substrates, microscope 
slides or chambers, and the like. 
0100. In certain embodiments the cell transfection sub 
strates are fabricated using techniques known in the semicon 
ductor industry. One approach is schematically illustrated in 
FIG. 17. In this illustrative embodiment, the microfluidic 
orifices and channels are fabricated by patterning SU-8 pho 
toresists on a glass coverslip Substrate. First the bottom 
trenches are defined photolithographically in a layer of 100 
um-tall SU-8 2075 photoresist. Another thin layer (4 um 
thick) of SU-8 2005 photoresist is spun coated onto the bot 
tom layer and circular openings are defined by a second 
photolithography step. After developing the two-layer SU-8 
structure, 100 nm thick Ti thin film is deposited onto the 
structure by electron beam evaporation at a Substrate incline 
angle of 60 degrees to coat both the top and the sidewalls of 
the circular orifices. Final steps involve dry etching the top 
layer Ti and connecting the microchannels to an external 
fluidic pump. Bottom trenches in one illustrative embodiment 
were 200 um wide and 300 um apart. The circular orifices had 
diameters ranging from 10 to 20 um. These orifices were 
arranged in a square array and separated by 100 Lum. A new 
moon shaped Tithin film was coated on the sidewalls of the 
circular orifices. 
0101 While the illustrated orifices are circular, they need 
not be so limited. Using standard methods (e.g., etching 
methods) orifices of essentially any shape (e.g., round, 
square, pentagonal, hexagonal, ellipsoid, trapezoidal, irregu 
lar, etc.) can be produced. Similarly, the patterning of the 
orifices can be in essentially any desired pattern. 
0102) While, in certain embodiments, the nanoparticles 
and/or thin film are coated on a portion of the orifice (e.g., by 
depositing the film at an angle) in certain other embodiments, 
the orifice and/or remaining Surface is uniformly coated with 
nanoparticles and/or a thin film. 
(0103 Particle/Nanoparticle/Thin Film Materials 
0104. In various embodiments the particles and/or nano 
particles or thin film(s) comprising the various devices 
described herein are all formed of the same material. In other 
embodiments, particles and/or nanoparticles or thin film(s) in 
a particular device include different materials. Thus for 
example, a given device (e.g., pipette or transfection Sub 
strate) can include particles/nanoparticles orthin films having 
two, three, four, five, or more different types of particle (e.g., 
particle size, and/or shape, and/or material). Similarly, the 
thin films comprising the devices can comprise multiple films 
(e.g., as multiple layers, or different films at different loca 
tions on the micropipetteor Substrate). For example, the 
devices can be modified by coating another layer of metal, or 
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ments, silver, copper, platinum, palladium and the like can 
comprise the particles, nanoparticles, and/or thin films used 
in the devices of this invention. In certain embodiments the 
particles, nanoparticles, and/or thin films can comprise TiO, 
CeO, Ag, CuO, yttrium aluminum garnet (YAG), InC), CdS, 
ZrO, or a combination thereof. In another embodiment, any 
metal oxide, metal alloy, metal carbide, and/or transition 
metal, may be used in the instant invention. In some embodi 
ments, the particles can be coated. Such that the coating does 
not alter their respective responsiveness to the applied field. 
0118. In certain embodiments, particles, nanoparticles, or 
thin films used in the devices of the present invention can be 
made of magnetic materials, while in other embodiments, 
they can be made of or comprise paramagnetic or Superpara 
magnetic materials. 
0119. Accordingly, in certain embodiments the particles, 
nanoparticles and/or thin films can comprise a paramagnetic 
or Superparamagnetic material that can be heated using elec 
tron spin resonance absorption (SPM) and/or ferromagnetic 
resonance. Electron spin resonance (ESR) heating and ferro 
magnetic resonance (FMR) heating are described in US 
Patent Publications 2006/02696.12 and 2005/0118102, which 
are incorporated herein by reference. Yttrium-iron garnet 
YFesO2 and Y-Fe2O are two well-known materials Suitable 
ESR and/or FMR heating. Different dopants can be added to 
lower the spin resonance frequencies of these materials vari 
ous applications. Magnetic garnets and spinels are also 
chemically inert and indestructible under normal environ 
mental conditions. 
0120 Also contemplated are various materials and/or 
semiconductors comprising materials from Groups II, III, IV, 
and V of the periodic table. 
0121. An illustrative list of potential dilutant ions for the 
generic {c}s(a)-d),O2 and spinel AIBO ferrite com 
pounds are presented in Table 1. 

TABLE 1. 

Illustrative ferrite diluentions. 
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TABLE 1-continued 

Illustrative ferrite diluentions. 

Garnet ck (a) IdliO2 Spine AIBO. 

{c} (a) octahedral A. B) 
dodecahedral d) tetrahedral tetrahedral octahedral 

P5+ P5+ P5+ 
As As As 
Sbt Sbt Sbt 

0.122 The particle or nanoparticles can take any of a num 
ber of possible morphologies and still be suitable for use in 
the present invention. Thus, for example, this invention con 
templates using nanotubes of the following kinds: single 
walled, double walled, multiwalled, with zig-zag chirality, or 
a mixture of chiralities, twisted, straight, bent, kinked, curled, 
flattened, and round; ropes of nanotubes, twisted nanotubes, 
braided nanotubes; Small bundles of nanotubes (e.g., in cer 
tain embodiments, with a number of tubes less than about 
ten), medium bundles of nanotubes (e.g., in certain embodi 
ments, with a number of tubes in the hundreds), large bundles 
of nanotubes (e.g. in certain embodiments, with a number of 
tubes in the thousands); nanotorii, nanocoils, nanorods, 
nanowires, nanohorns; empty nanocages, filled nanocages, 
multifaceted nanocages, empty nanococoons, filled nanoco 
coons, multifaceted nanococoons; thin nanoplatelets, thick 
nanoplatelets, intercalated nanoplatelets, nanocones, and the 
like. The various nanoparticles (nanostructures) can assume 
heterogeneous forms. Such heterogeneous forms include, but 
are not limited to structures, where one part of the structure 
has a certain chemical composition, while another part of the 
structure has a different chemical composition. An example is 
a multi walled nanotube, where the chemical composition of 
the different walls can be different from each other. Hetero 
geneous forms also include different forms of nanostructured 
material, where more than one of the above listed forms are 
joined into a larger irregular structure. In addition, in certain 
embodiments any of the above materials can have cracks, 
dislocations, branches or other impurities and/or imperfec 
tions. 
I0123. In certain embodiments, the size of the particles or 
nanoparticles and/or the area and/or thickness of the thin 
film(s) for use in the present invention can be adjusted or 
optimized and reflect the choice of the nanoparticles or film 
material, the nature of the excitation energy, and frequency 
and/or strength of the excitation energy. In certain embodi 
ments the nanoparticles range in size (e.g., length and/or 
width and/or diameter) from about 10 to about 500 nm, pref 
erably from about 20 nm to about 200 nm, more preferably 
from about 20 nm, 30 nm, 40 nm or 50 nm to 100 nm, or 150 
nm or 200 nm. In certain embodiments the size of the nano 
particles for use in the present invention ranges from about 4 
nm to about 25 nm, in another embodiment, from 8 nm to 5 
nm, in another embodiment from 5 nm to 100 nm, in another 
embodiment, from 10 nm to 800 nm, in another embodiment, 
from 10 nm to 50 nm, in another embodiment, from 50 nm to 
200 nm, and in another embodiment from 150 nm to 500 nm. 
0.124. In various embodiments, where present, metal films 
range in thickness from about 1, 2, 5, 10, 50, 100, 150, 200, 
300, 400, or 500 nm to about 800 nm, 1 um, 5um, 10um, 50 
um, or 100 um. In certain embodiments the metal films range 
in thickness from about 2 nm or 5 nm, 10 nm, 20 nm, or 30 nm. 
to about 100 nm, 300 nm, 500 nm, 800 nm or 1 um. In certain 
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5,958,348, 3,941,567. 6.254,928, which are incorporated 
herein by reference, and the like). In this process, a radiation 
absorber or other precursor gaseous species absorbs energy 
(e.g., laser light, which results in the heating of the materials 
in a reaction Zone causing thermally driven chemical reac 
tions between the chemical components in the reaction Zone. 
Typically, laser pyrolysis processes employ a precisely 
defined hot Zone (typically 1000-1500° C.) generated, e.g., 
by a laser beam passing through a chemical vapor Zone, in 
which gases thermally react to form the desired nanoscale 
particulate materials. The absence of wall in contact with the 
hot Zone eliminates any contamination. 
0136. The materials formed in the pyrolytic reaction leave 
the hot Zone typically driven by gravity or gas flow. The 
materials are rapidly cooled/quenched thereby forming nano 
particles with a very uniform distribution of sizes and shapes. 
In typical embodiments, a carbon dioxide (CO) laser is used 
to heat the gas molecules directly by light absorption. Another 
advantage of using a laser is its narrow spectral width, which 
allows efficient coupling between the light and the molecular 
precursor that has exact wavelength of absorption (over 15% 
of laser power consumed). The technology has been used to 
produce various nanosize materials from metals, metal car 
bides, metal nitrides and metal oxides (see, e.g., Haggerty et 
al. (1981) pp 165-241 In: Laser Induced Chemical Processes, 
edited by J.J. Steinfeld; Bi et al. (1993).J. Mater. Res., 8(7): 
1666-1674; Bietal. (1995).J. Mater. Res. 10(11): 2875-2884; 
Curcio et al. (1990) Applied Surface Science, 46: 225-229; 
Danen et al. (1984) SPIE, 458: 124-130; Gupta et al. (1984) 
SPIE, 458: 131-139; U.S. Pat. Nos. 5,958,348, 6.225,007, 
6,200,674, 6,080,337, and the like). 
0.137 Similarly, the most common methods of TiN thin 
film creation are physical vapor deposition (PVD, usually 
sputter deposition, Cathodic Arc Deposition or electronbeam 
heating) and chemical vapor deposition (CVD). In both meth 
ods, pure titanium is Sublimated and reacted with nitrogen in 
a high-energy, vacuum environment. 
0138 Bulk ceramic objects can be fabricated by packing 
powdered metallic titanium into the desired shape, compress 
ing it to the proper density, then igniting it in an atmosphere of 
pure nitrogen. The heat released by the chemical reaction 
between the metal and gas is sufficient to sinter the nitride 
reaction product into a hard, finished item. 
0.139. The particles or nanoparticles can be attached to the 
microcapillaries or cell transfection Substrate by any of a 
number of methods known to those of skill in the art. The 
particles can simply be sputtered in place, formed on the 
Surface during the formation of metal colloids, grown in place 
on nucleating particles, ionically attached to the Surface, or 
covalently coupled to the Surface, e.g., directly or through a 
linker/functionalizing agent (e.g., -SH, Silane (e.g., 3-ami 
nopropyltirmethoxysilane, and the like), and so forth. 
0140. As illustrated in the examples, in one embodiment, 
the cell transfection substrate is fabricated by bombarding 
gold particles directly onto a plastic Substrate using a biolistic 
cell injector (BioRad) (see, e.g., Example 4, and FIG. 5). 
0141. In another approach to it was discovered that heating 
a thin film on a Substrate or micropipettete, e.g., using a 
pulsed laser, can anneal the thin film into disperse nanopar 
ticles. Thus, as illustrated in FIG. 6 fabrication can involve 
depositing a layer of adhesion metal (e.g. titanium, chro 
mium) followed by a layer of gold (or other metal) film on 
glass, or plastic, or quartz, etc. Substrates. The sample is then 
heated (e.g., irradiated with laser pulses). At high enough 
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laser energies, the metal films melt, and the molten metal 
condenses to form beads-like particles (as seen in SEM 
images in FIG. 6) on the substrate or micropipettete. 
0142. The optional adhesion metal (e.g., titanium) layer 
sandwiched between the substrate and the gold layer provides 
a stronger adhesion of the gold film as well as the gold beads 
after annealing to the Substrate. In the absence of the adhesion 
layer, gold can still be annealed into nanoparticle beads on the 
Surfaces by laser pulses or other heating methods. 
0143. In another approach a substrate or micropipetteis 
provided bearing a thin film. The thin film is then etch away to 
leave nanoscale size domains that can be heated by applying 
a laser or other energy source. 
0144. The particle array fabrication method(s) can be 
extended to other micro or nanofabrication techniques such as 
nanoimprint, e-beam lithography, and others. The current 
plastic Substrate can be replaced with other polymer materials 
such PDMS or a glass substrate, or a silicon substrate, or 
others. 
0145 The methods of making and attaching particles and 
nanoparticles to the Surface or forming thin films on a surface 
described above are illustrative and not intended to be limit 
ing. Using the teachings provided herein, other particles, 
nanoparticles, and thin film coated Surfaces can be produced 
using at most routine experimentation. 
Integration with Optical Tweezers. 
0146 Conventional microinjection in non-adherent cells 

is a laborious process since it requires using another holding 
pipette to apply suction and stabilize the cell. This way the 
cell has an anchorage to counteract the force exerted by the 
injection pipette as the pipette penetrates the cell membrane. 
The Suction pressure, relative positioning of the injection 
pipette and holding pipette can attribute to severe cell damage 
and death to fragile cells. One current way to increase the 
microinjection efficiency of non-adherent cells is to bond 
them on a substrate with treated surface before injection and 
later on release them from the substrate. This method not only 
introduces extra chemical treatments to cells and is also time 
consuming. Optical tweezers have been shown to trap and 
manipulate micron- and even Submicron-sized objects and 
biological contents. The trapping force of optical tweezers is 
typically on the order of piconewtons. As a result, it is gen 
erally not possible to use optical tweezers to anchor the non 
adherent cells during conventional glass microcapillary injec 
tions. 
0147 The plasmonic photothermal pipette (single surgery 
tool of this invention), on the other hand, can readily be 
combined with optical tweezers. In this case, the manipulated 
cells are self-aligned to the injection position by the optical 
forces. During the injection process, cells experience mini 
mal sheer force and mechanical distortion which are two 
critical parameters to keep the injected cells alive. The optical 
tweezers integrated laser cell Surgery technique has the poten 
tial to achieve high speed and high efficiency microinjection 
for non-adherent cells. 

Cell Types 
0148 Generally the methods and devices described herein 
can be used with essentially any cell having a cell membrane. 
In addition, the methods and devices can also be used on cells 
having a cell wall. 
014.9 Thus, for example, adherent cells including 
NIH3T3 mouse fibroblasts, HEK293T embryonic kidney 
fibroblasts, and HeLa cervical carcinoma cells have been 
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injected GFP-expressing plasmids using the devices and 
methods described herein. In general, it is believed that any 
adherent mammaliancell type can be easily injected using the 
devices and methods described herein because: 1) the laser 
fluence that is determined as optimal in terms of effective 
hole-punching and maintaining cell viability is lies with in a 
relatively narrow range for all the cell types tested; and 2) 
adherent cell features used to determine appropriate injection 
location (e.g., perinuclear or possibly nuclear) are easily iden 
tified visually. 
0150 Lymphocytes, stem cells of various types, germ 
cells and others are non-adherent, but it is often desirable to 
inject or perform other 'surgical procedures on Such cells. 
Integration of optical tweezers with the cell Surgery tool as 
described herein, makes this possible. 
0151. In addition, using the methods and devices 
described herein, injecting individual cells within a cell clus 
ter, such as is required to grow human embryonic stem cells 
and maintain pluripotency, is achievable especially on the 
Surface of stem cell clusters using the methods and devices 
described herein. It is also believed to be possible to stereo 
tactically inject specific cells within clusters, which is desir 
able for a variety of reasons (e.g., developmental tracking, 
establishing gradients, etc.). 

Deliverable Materials. 

0152. It is believed possible to deliver essentially any 
desired material into a cell using the methods and devices 
described herein. Such materials include, but are not limited 
to nucleic acids, proteins, organelles, drug delivery nanopar 
ticles, probes, labels, and the like. Delivery of plasmid DNAS 
into cells using the methods described herein as been dem 
onstrated already in at least three adherent cell types. Accord 
ingly any plasmid-sized genetic material should be easily 
transferred by the methods and devices described herein. 
0153. BACs (bacterial artificial chromosomes)—a desired 
goal for hard to transduce cells and for delivery vehicles with 
size restrictions (plasmids, retroviruses, lentiviruses) for 
introducing large genetic anomalies or for tracking the regu 
lated expression of specific genes during development. 
0154 Accordingly, it is believed the devices and methods 
described herein can be used to deliver whole or partial natu 
ral or synthetic chromosomes. Similar to BACs, large chro 
mosomes or chromosomal fragments that cannot be trans 
duced into most cell types by previous methods could be 
transferred into cells by our methods, for example, to estab 
lish models of human trisomy disorders (e.g., Down and 
Klinefelter syndromes). 
0155 Similarly the methods can be used for the transfer of 
nuclei (e.g., in Somatic nuclear transfer), or other organelles 
(e.g., mitochondria, or nanoengineered structures) can 
readily be introduced into cells. 
0156. In various embodiments the deliverable materials 
comprise a reagent includes, but is not limited to a reagent 
selected from the group consisting of nucleic acids (includ 
ing, for example, vectors and/or expression cassettes, inhibi 
tory RNAs (e.g., siRHA, shRNA, miRNA, etc.), ribozymes, 
proteins/peptides, enzymes, antibodies, imaging reagents, 
organelles (e.g., nuclei, mitochondria, nucleolus, lysosome, 
ribosome, etc.), chromosomes, intracellular pathogens, inani 
mate particles. Such as quantum dots, Surface-enhanced, 
Raman scattering (SERS) particles, microbeads, and the like. 
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Modular Systems. 

0157. In certain embodiments the substrates (transfection 
substrates) are provided as a “module’ that can readily be 
integrated with existing equipment. For example, in certain 
embodiments, the transfection substrate is provided in a for 
mat that can be added to or that can replace a stage on an 
existing microscope. In certain embodiments the Substrate is 
formatted to replace and X/y/Z stage on an inverted micro 
Scope (e.g., a Zeis inverted microscope). 
0158. In certain embodiments the transfection substrates 
are provided as a microfluidic system (e.g., a lab on a chip 
system) and/or as a module that can be integrated with 
microfluidic systems. 

Cell Surgery Systems and Patterned Transfection Systems. 
0159. In various embodiments this invention contemplates 
systems for cell Surgery or patterned transfection of cells. In 
certain embodiments the cell Surgery systems comprise a 
microSurgery tool as described herein and a micromanipula 
tor and/or positioner to precisely position the tool, e.g., with 
respect to a cell. The systems can, optionally, further com 
prise means for holding cells (e.g., pipettes or other manipu 
lators), means for delivering fluids and/or gases or devices 
into a cell through the Surgical tool, means for removing 
fluids, organelles, etc., from the cell through the tool, and the 
like. In certain embodiments the systems can further com 
prise a viewing System (e.g., a microscope), data/image 
acquisition systems, and computer control Systems for con 
trolling the viewing system, micromanipulators, data/image 
acquisition systems, and the like. 
0160 Similarly, in various embodiments patterned trans 
fection systems comprise a cell transfection Substrate (e.g., a 
culture vessel comprising one or more Surfaces bearing par 
ticles, nanoparticles, and/or thin films as described herein). 
The substrate typically bears cells and/or a cell culture. The 
system can optionally comprise means for delivering 
reagents, agents to be transfected into the cell(s), means for 
masking portions of the Substrate from an electromagnetic 
energy source, and the like. 
0.161. In certain embodiments the systems optionally fur 
ther include a source of electromagnetic energy to heat the 
particles, nanoparticles and/or thin film on the Surgical tool or 
transfection substrate. Suitable sources include, but are not 
limited to a laser, a magnetic field generator, an RF field 
generator, and the like. 
0162. In various embodiments the systems can include a 
controller (e.g., a laser controller). The controller can be 
configured to control the intensity and/or duration and/or 
wavelength of an illumination source and/or the pattern of 
illumination of the microSurgery tool and/or the transfection 
substrate. In certain embodiments the controller detects and/ 
or controls flow of reagents through microchannels compris 
ing the transfection Substrate and/or a microfluidic system 
within which the transfection substrate is disposed. Where the 
transfection Substrate is provided on a microscope (e.g., an 
inverted microscope) the controller can, optionally control 
the microscope stage, the microscope focus, and/or image 
acquisition from the microscope. In certain embodiments the 
controller optionally controls filling of the microcapillary 
(comprising the microSurgery tool), and/or angle of the 
microsurgery tool with respect to the cell surface and/or with 
respect to the illumination, and/or motion of the microSurgery 
tool, and/or operation of the microcapillary to inject reagents 
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into the cell. In certain embodiments the controller coordi 
nates action of the microSurgery tool with illumination of the 
tip by the energy source. 

Kits. 

0163. In another embodiment, this invention provides kits 
for performing single-cell Surgery or patterned delivery of an 
agent into a cell (patterned transfection). In certain embodi 
ments the kits comprise a container containing a single cell 
Surgery tool and/or a transfection Substrate as described 
herein. In various embodiments the kits can optionally addi 
tionally include any of the reagents or devices described 
herein (e.g., reagents, buffers, tubing, indicators, manipula 
tors, etc.) to perform single Surgery and/or patterned trans 
fection of cell(s). 
0164. In addition, the kits optionally include labeling and/ 
or instructional materials providing directions (i.e., proto 
cols) for the use the Surgery tool and/or patterned transfection 
Substrate (e.g., practice of the methods) of this invention. In 
certain embodiments the instructional materials describe the 
use of the cell surgery tools described herein to inject or 
remove materials, and/or to manipulate components of a cell 
and/or the use of the transfection substrate to deliver one or 
more agents into a cell. 
0.165 While the instructional materials typically comprise 
written or printed materials they are not limited to such. Any 
medium capable of storing Such instructions and communi 
cating them to an end user is contemplated by this invention. 
Such media include, but are not limited to electronic storage 
media (e.g., magnetic discs, tapes, cartridges, chips), optical 
media (e.g., CD ROM), and the like. Such media may include 
addresses to internet sites that provide Such instructional 
materials. 

EXAMPLES 

0166 The following examples are offered to illustrate, but 
not to limit the claimed invention. 

Example 1 

Fabrication and Use of a Cell Surgery Tool 
0167. This example pertains to a novel cell surgery device 
that integrates nanoparticle photothermal effects with micro 
capillary techniques. Proof-of-concept experiment results are 
presented here. The conventional microcapillary technique is 
a versatile tool for performing single cell recording and 
manipulations. However, it introduces enormous stress to the 
cell as the microcapillary punctures through the cell mem 
brane. As a result, this procedure often results in cell death, 
particularly on Small or mechanically fragile cells. 
0168 Current cell surgery methods using laser ablation 
(Vogel et al. (2005) Appl. Phys. B-Lasers O., 81 (8): 1015 
1047) eliminate the mechanical stress but they require tightly 
focused light and precise positioning of the injection micropi 
petteat the laser focal spot. The cell surgery device we 
described in this example, utilizes photothermal effects of 
nanoparticles on the tip of a microcapillary pipette. Laser 
induced heating of the nanoparticles creates transient holes in 
the cell membrane as the pipette encounters the cell. Since the 
heating only occurs at the membrane area in contact with 
nanoparticles, this device can operate with non- or lightly 
focused laser. This way unwanted stress is minimized. Pos 
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sible chemical effects due to strong laser intensity are avoided 
to ensure the biology of the manipulated cells under study is 
unaffected. 
0169 FIG. 1 shows a schematic of the cell surgery tool. 
Gold nanoparticles are coated onto the tip of a micropipettete. 
Noble metal nanoparticles strongly absorb electromagnetic 
waves with a frequency close to its Surface plasmon fre 
quency, usually in the visible and NIR range (Hartland (2006) 
Annu. Rev. Phys. Chem., 57: 403-430). For example, 30 nm 
diameter gold nanospheres show a peak at wavelengths 
around 532 nm in their extinction spectrum. Upon laser pulse 
excitation, the nanoparticles rapidly heat up due to the 
absorbed energy, causing Superheating and evaporation of the 
Surrounding medium. This direct heating or cavitation force 
from the collapsing vapor bubbles lead to increase in cell 
membrane permeability or “holes punching in the mem 
brane. The damage Volume can be controlled by laser pulse 
fluence and nanoparticle size. It has been shown that the 
heated volume extends tens of nanometers from the surface of 
a 30 nm gold nanosphere, and the nanoparticle cools down to 
equilibrium temperature within few nanoseconds after laser 
pulsing (Pitsillides et al. (2003) Biophys.J., 84: 4023-4032, 
2003; Kotaidis et al. (2006).J. Chem. Phys., 124(18), Art. No. 
184702). As a result, the rest of the membrane or cell does not 
have sufficient time to respond and remains mechanically 
undisturbed. This way a micropipettecan penetrate the cell 
membrane with ease and cell damage is minimized. 

Experiment and Results. 
(0170 Synthesis of Gold Nanorods 
0171 In various embodiments the synthesis of nanorods 
can be achieved either through the use of rigid templates or 
Surfactants. For our application, we employed the Surfactant 
route for the relatively facile synthetic methods. Briefly, the 
nanorods synthesized were created via seed mediated growth, 
developed by Jana et al. (2001).J. Phys. Chem. B., 105(19): 
4065-4067, where a 3-4 nm seed added to a growth solution 
and aged, in the presence of Surfactants, to yield nanorods 
with unique aspect ratios. In addition to Surfactant concentra 
tion, the aspect ratios have been shown to be controlled by the 
addition of specific amounts of silver ion (Nikoobakht and 
El-Sayed (2003) Chem. Mater: 15(10): 1957-1962). The 
resulting nanorod solutions were characterized via TEM on 
carbon-coated copper grids. FIG. 4 shows the synthesized 
nanorods with two aspect ratios of 3.2 and 5.8. 
(0172 Synthesis Process 
0173 Benzyldimehtylammoniumchloride hydrate 
(BDAC), hexadecyltrimethylammonium bromide (CTAB), 
L-ascorbic acid, silver nitrate (AgNO3) sodium borohydride 
(NaBH4), hydrogen tetrachloroaurate (HAuCl4-3H2O) were 
obtained from Sigma Aldrich. Deionized water (18 M) was 
used throughout the experiments. 
0.174 Seed Solution: 
(0175 5.0 ml of 0.20 MCTAB was mixed with 5.0 ml of 
0.0005 MHAuCl with stirring at 25° C. 0.60 ml of ice-cold 
0.01 MNaBH was added to the mixture. The resulting solu 
tion turned brownish-yellow, from the reduction of gold. The 
resulting Solution was stirred vigorously for two minutes to 
ensure all the Au had been reduced to Au'. 
(0176 Growth Solution: 
(0177. 20.0 ml of 0.15 MBDAC, and 0.40 g CTAB were 
combined and sonicated for 20 min at 40°C., to dissolve the 
CTAB completely. To four separate vials, 200 ul of 0.004 M 
AgNO was dispensed followed by 5 ml BDAC/CTAB sur 
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must scan through every cell, which would be time consum 
ing when large-scale, patterned cell transfection is desired, 
Such as in complex tissues. 
0185. Another contact-free method of increasing cell 
membrane permeability is to use light-absorbing micro- or 
nanoparticles (Pitsillides et al. (2003) Biophys. J. 84: 4023 
4032). Upon irradiation by a short pulse laser, the particles 
create transient and localized explosive bubbles, that disrupt 
part of cell membrane adjacent to these particles and leaves 
the remaining cell structure intact. By controlling the particle 
size, density and the laser fluence, cell permeablization and 
transfection can be achieved with high efficiency (Yao et al. 
(2005).J. Biomed. Optics, 10(6): 064012). 
0186. Here we describe a simple device that can spatially 
select and target cells for molecular delivery by light image 
patterning. Our approach has the potential of achieving large 
scale, image-based molecular and gene delivery of defined 
pattern into specific cells within complex monolayer mix 
tures. 

Principle And Device Structure 

0187. In certain embodiments the device consists of a 
plastic Substrate with particles (e.g., gold particles) immobi 
lized on the surface (see, e.g., FIG.7). Cells are seeded on this 
Substrate, e.g., until a confluent culture forms. A pulsed laser 
irradiates a shadow mask and the corresponding illumination 
pattern is imaged onto the Substrate. In the area exposed to the 
pulsed laser, gold particles are heated to high temperatures 
due to the absorbed optical energy. Within a few nanoseconds, 
the heat is dissipated to the thin liquid medium layer Sur 
rounding the gold particles, which generates explosive vapor 
bubbles (Kotaidis et al. (2006).J. Chem. Phys., 124: 184702). 
The rapid expansion and Subsequent collapse of the vapor 
bubbles give rise to transient fluid flows that induce strong 
shear stress on the adherent cell causing localized pore for 
mation in the cell membrane. As a result, membrane-imper 
meable molecules can be carried into the cell by fluid flows or 
thermal diffusion. Since the cavitation bubble only takes 
place where the gold particle is exposed to the laser, an optical 
pattern can be designed to address molecular uptake in speci 
fied areas of the cell culture. This way high-throughput, spa 
tially-targeted molecular delivery is made possible by con 
trolling the gold particle size, density on the Substrate, and the 
excitation laser fluence. 

Experiments and Results 

0188 In one experiment, 0.6 um gold nanospheres (Bio 
Rad) were bombarded onto a plastic petri dish using a biolis 
tic injector at 2200 psi bombardment pressure (Bio-Rad, 
PDS-1000). Immortalized human embryonic kidney cells, 
(HEK293T) cultured in DMEM were then plated in the dish 
and incubated overnight until about 70-80% cell confluence 
was reached. A Q-switched, frequency-doubled Nd:YAG 
laser at 532 nm in wavelength (Continuum, Minilite I) was 
used to irradiate the device. The laser has a pulsewidth of 6 
nanoseconds and a spot size of 9.4 mm. A shadow mask was 
placed in the beam path to cast the desired optical pattern, 
which was imaged onto the device at 0.83x reduction. The 
induced cavitation bubbles from the gold particles were cap 
tured using the time-resolved imaging system depicted in 
FIG. 8. A high-speed Intensified CCD camera (Princeton 
Instrument, PI-MAXII) provided exposure times as short as 
500 ps. A nanosecond time delay between the captured 
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bubble image and the excitation laser pulse was controlled by 
the length of an optical fiber delay line. During laser pulsing, 
cells were immersed in a medium containing the membrane 
impermeable fluorescent dye Calcein (Invitrogen, mol wt 
622.5) at 1 mg/ml. After cavitation induction, the cell culture 
was washed with phosphate buffered saline and re-immersed 
in fresh medium before checking fluorescence staining 
(0189 FIG. 9 shows the cavitation bubbles induced by 
heated gold particles 78 nanoseconds after the laser pulse 
without a shadow mask. The density of the particles is about 
0.004 particles/um. This corresponds to about 0.9 bubbles 
per cell (assuming the area of a HEK293T cell is 15x15 um). 
In FIG. 10, a shadow mask was used and only the left half of 
the device was irradiated with the laser pulse (dashed line 
corresponds to the shadow mask boundary). Laser fluence 
was 128.2 mJ/cm and 7 pulses were applied. The fluorescent 
image clearly shows that the dye uptake pattern coincides 
with the lighted area. 

CONCLUSION 

0190. A device capable of light-patterned molecular deliv 
ery is described here. Successful delivery of fluorescent mol 
ecules was demonstrated in adherent cell culture. The tar 
geted delivery area was controlled by a shadow mask. This 
device has the potential to achieve large-scale, light-patterned 
molecular and gene delivery in living cells. 

EXAMPLE 5 

Parallel Delivery of Reagents to Target Cells. 
0191) We developed another parallel delivery platform by 
integrating light-absorbing metallic nanostructure on microf 
luidic structures (see, e.g., FIG. 14). The illustrated device 
consists of arrays of microfluidic orifices with titanium coat 
ing on the sidewall. The orifices are connected to a network of 
microfluidic channels underneath. Upon laser pulsing and 
cell membrane opening, Suspended cargo in the microfluidic 
channel can be actively delivered into the cells on top of the 
orifices by pumping the fluidic through an external pressure 
Source. 
0.192 Parallel bubble excitation was tested on the device. 
By irradiating the structure with a laser pulse (6 ns in pulse 
width and 532 nm in wavelength), the bubbles were synchro 
nously generated in each of the circular openings. Due to the 
new-moon-shaped Tithin film coating, the bubble explosion 
took place only along parts of the cylindrical sidewall (see, 
e.g., FIG. 19). 
0193 To test cell membrane opening and cargo delivery, 
HeLa cells were seeded onto the device. Cells grew and 
divided on top of the SU-8 substrate and orifices as usual. 
Membrane-impermeable green-fluorescent FITC-dextran 
(molecular weight=3kDa.) was loaded in the cell culture 
media at a concentration of 200 g/ml. After laser pulsing at 
156 m.J/cm, fluorescent dye uptake was observed in the cell 
grown on top of the circular orifice and Subjected to laser 
triggered bubble explosion (see, e.g., FIG. 20). Here the 
delivery was through passive diffusion. 

EXAMPLE 6 

Photothermal Nanoblade for Large Cargo Delivery 
into Mammalian Cells 

0194 It is difficult to achieve controlled cutting of elastic, 
mechanically fragile, and rapidly resealing mammalian cell 
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membranes. In this example, we describe a photothermal 
nanoblade that utilizes a metallic nanostructure to harvest 
short laser pulse energy and convert it into a highly localized 
explosive vapor bubble, which rapidly punctures a lightly 
contacting cell membrane via highspeed fluidic flows and 
induced transient shear stress. The cavitation bubble patternis 
controlled by the metallic structure configuration and laser 
pulse duration and energy. Integration of the metallic nano 
structure with a micropipette, the nanoblade generates a 
micrometer-sized membrane access port for delivering highly 
concentrated cargo (5 x 10' live bacteria/mL) with high effi 
ciency (46%) and cell viability (>90%) into mammaliancells. 
Additional biologic and inanimate cargo over 3 orders of 
magnitude in size including DNA, RNA, 200 nm polystyrene 
beads, to 2 um bacteria have also been delivered into multiple 
mammalian cell types. Overall, the photothermal nanoblade 
is an effective approach for delivering difficult cargo into 
mammalian cells. 
0.195. This example pertains to a photothermal nanoblade 
that is a metallic nanostructure integrated with a microcapil 
lary pipet (FIG. 21). The photothermal nanoblade harvests 
optical pulse energy to trigger spatially patterned, temporally 
synchronized cavitation bubbles that generate high-speed, 
localized fluidic flows. If a soft material or fragile structure, 
Such as a cell membrane, is in contact with the photothermal 
nanoblade, the ultrafast and localized flow is able to puncture 
the membrane near the contact area with little mechanical 
perturbation to the rest of the structure. Membrane cutting is 
produced by the strong transient mechanical shear stress from 
the laser-induced cavitation bubble (Marmottant and Hilgen 
feldt (2003) Nature, 423: 153-156; Lokhandwalla and Stur 
tevan (2001) Phys. Med. Biol. 46: 413-437; Hellman et al. 
(2008) Biophoton., 1:24-35). A delivery portal in the cell 
membrane is thereby generated without advancing the 
attached micropipette into the cell. The blade is in gentle 
contact with the membrane during cutting, eliminating the 
need for strong mechanical Support underneath the mem 
brane. This new device allows intracellular delivery of vari 
ably sized objects, from biomolecules to bacteria, into soft 
mammalian Somatic cells with high efficiency and cell viabil 
ity. 
0196. To demonstrate the photothermal nanoblade, a 100 
nm thick titanium (Ti) thin film was deposited onto the tip of 
a glass microcapillary pipet with a 2 um tip diameter (FIGS. 
22A and 22B). The Ticoated micropipette is mounted on a 
motorized micromanipulator arm on an inverted microscope 
stage. With the micropipette tip positioned in light contact 
with a cell membrane, a 6 ns Nd:YAG laser pulse at 532 nm 
wavelength illuminated a 260 um-wide field through the 
objective lens. Pulsed laser exposure rapidly heats the Tiand 
adjacent thin water layer to induce a localized vapor bubble 
explosion along the ring-shaped Tithin film that cuts the 
contacting cell membrane. The process, from laser pulsing, Ti 
heating, cavitation bubble expansion, and collapse, takes only 
a few hundred nanoseconds. Pressure-controlled delivery of 
fluid and cargo inside the micropipette is synchronized with 
laser pulsing and membrane cutting. 

Materials and Methods 

(0197) Device Fabrication and Experimental Setup. 
0198 Titanium (Ti)-coated micropipettes were fabricated 
by heating and pulling (P-97, Sutter Instrument) a 1 mm 
diameterborosilicate glass capillary tube, followed by Tithin 
film deposition onto the tapered ends using a magnetron 
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sputter deposition system. The Ticoating thickness and the 
micropipette tip diameter were quantified using a scanning 
electron microscope. The laser pulse system was a 
Q-switched, frequency-doubled Nd:YAG laser (Minilite I, 
Continuum) operated at 532 nm wavelength and 6 ns pulse 
width. 
0199 The laser beam was split by a polarizing beam split 
ter with one arm sent into the fluorescence port of an inverted 
microscope (AxioObserver, Zeiss) and then through the 
objective lens (40X, 0.6NA), to generate a 260 um-wide laser 
spot on the sample plane. The optimized laser fluence used for 
cargo delivery was 180 ml/cm. An electrical switch was built 
to synchronize the excitation laser pulse with the liquid injec 
tion system (Femto.Jet, Eppendorf). A time-resolved imaging 
system to characterize the cavitation bubble dynamics was 
constructed using an intensified CCD camera (PI-MAX2, 
Princeton Instruments) with exposure times as short as 500 
ps. A programmable delay between receiving the laser trig 
gering signal and the camera shutter opening was set by the 
camera control unit. After the polarizing beam splitter, the 
other arm of the laserbeam was sent through a fluorescent dye 
cell. The excited fluorescence pulse (wavelength centered 
~698 nm) was coupled into a multimode fiber and then sent 
through the microscope condenserto illuminate the sample in 
synchronization with the camera shutter. A nanosecond time 
delay between the captured bubble image and the sample 
excitation laser pulse was controlled by the length of the 
optical fiber delay line. 
(0200 Numerical Calculations of Intensity Pattern on the 
Ti-Coated Micropipette. 
0201 The 3D finite difference time domain (FDTD) 
method was used to simulate the electromagnetic intensity 
pattern (FullWAVE, RSoft Design Group). The simulation 
domain was constructed with a water medium region (nwa 
ter-1.34) and a glass micropipette (n=1.46) with a 100 
nm Ti (n=1.86+2.56i) thin film coated on the tip and the 
outer sidewall. The entire domain was surrounded by per 
fectly matched boundary layers to mimic an infinitely extend 
ing space. Plane wave excitation was used (v532 nm) with 
the electric field polarized along y and the wavevector k 
making a 30° angle with respect to the pipet tip. Time-aver 
aged intensity profiles in Ti, Ef, were obtained by aver 
aging the normalized electric energy density over one elec 
tromagnetic wave oscillation. 
0202 Determining the Optimal Laser Fluence of the Pho 
tothermal Nanoblade for Membrane Cutting. 
0203 Criteria for optimal laser fluence, membrane open 
ing, and maintaining high cell viability were sought. Pro 
pidium iodide (PI) dye was added to the cell culture media (10 
ug/mL) before laser pulsing. The micropipette was brought 
into contact with the cell membrane and illuminated with a 
laser pulse at the specified fluence level. The treated cell was 
checked immediately after laser pulsing to Verify the uptake 
of PI. Cell viability was determined separately in a similar 
fashion with PI added 90 min after laser pulsing, followed by 
visual growth detection over time. 
(0204 Cell Viability Evaluation. 
0205 Cell viability was determined by annexin V and 
propidium iodide (PI) cell staining 90 min following photo 
thermal nanoblade cutting. To accurately track injected cells, 
cells were seeded onto a chemically patterned glass coverslip 
substrate (Peterbauer et al. (2006) Lab Chip, 6: 857-863). 
Circular areas (diameter ~200 um) were defined on the sub 
strate to confine cell adhesion and growth within these 
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regions. For each experiment, every cell within the same 
circular pattern (-60 cells in one pattern) was subjected to the 
same laser pulsing and cargo delivery conditions. To exclude 
the viability effects of culturing cells on a patterned substrate, 
the percentage of viable cells in a treated pattern was further 
normalized by the percentage of viable cells in a neighboring 
untreated pattern on the same glass Substrate. Postdelivery 
viability was determined by the average of three independent 
experiments. 
0206 Biomolecule, Carboxylate Bead, and Bacterial 
Delivery with Immunofluorescence Imaging. 
0207. GFP-expressing RNA was diluted in 1xRBS, pH 
7.4, and injected into IMR90 primary human lung fibroblasts. 
DsRed-encoding lentiviral DNA was incubated with cationic, 
100 nm green polystyrene beads to allow DNA adsorption on 
the spherical surface. The beads were then suspended in 
1xPBS, pH7.4, and injected into human embryonic stem 
(hES) cells. hES cells were dissociated and cultured using 
ROCK (Watanabe etal. (2007) Nat. Biotechnol. 25: 681-686) 
inhibitor on top of a thin layer of matrigel (BD Biosciences). 
DsRed expression was verified 24 h postinjection. Green 
carboxylate-modified polystyrene beads (200 nm) were sus 
pended in 1xRBS, pH 7.4, (0.1% solid by volume) and 
injected into HEK293T cells. Fluorescent B. thailandensis 
bacteria were suspended in 1xRBS, pH7.4 (concentration 
10-10 per mL) and injected into HeLa cells. Cells were 
cultured in chambered microscope slides (LabTek, Nunc) 
using Dulbecco's modified Eagle's medium (DMEM) with 
out penicillin and streptomycin. Immediately after the injec 
tion, cells were washed 3 times with PBS and incubated for 2 
h in fresh medium containing 1000 mg/mL, kanamycin to kill 
extracellular bacteria. The growth medium was then replaced 
with DMEM containing 5 mg/mL ceftazidime to suppress 
extracellular bacterial growth and incubated for an additional 
16-24 h at 37°C. in 5% CO. At 16-24 h post injection, cells 
were fixed with 4% paraformaldehyde and stained with 
Alexa-Fluor-labeled phalloidin to visualize the actin cytosk 
eleton (Invitrogen). Cells were then visualized using a Leica 
SP2 AOBS laser scanning confocal microscope setup. 
0208 Bacterial Strains and Growth Conditions. 
0209 Burkholderia thailandensis and mutant derivates 
were cultured in L-medium. Chloramphenicol (25ug/mL) or 
tetracycline (20 g/mL) were added as required. 
0210 Bacterial Invasion Efficiency Assays. 
0211 B. thailandensis E264 was grown in L-broth to an 
optical density (ODoo) of 1.0 (4x10 CFU/mL). In total, 
1x10 HeLa cells grown in 12-well plates were infected with 
bacteria at a multiplicity of infection (MOI) of 10:1 for 2 hat 
37° C. The infected cells were then washed with PBS and 
incubated with fresh medium containing 400 ug/mL, kanamy 
cin for 15 minto kill extracellular bacteria, followed by lysis 
with 1% Triton X-100 in PBS. Serial dilutions of the infected 
HeLa cell lysates were spread on L-agar, and the numbers of 
intracellular bacteria were determined by assays for CFU. 

Results and Discussion. 

0212. Simulation of Optical Intensity Patterns on the Pho 
tothermal Nanoblade. 
0213. The cavitation bubble pattern is controlled by the 
thin film composition and configuration, as well as laser 
excitation parameters including wavelength, pulse duration, 
and energy. FIG.22C shows the calculated intensity patterns 
on a laser-excited, Ti-coated micropipette using 3D finite 
difference time domain (FDTD) simulations. The Ti-coated 
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micropipette is illuminated at an angle of 30° with respect to 
the tip. Plasmon-enhanced optical absorption is nonuniform 
across a 2 um wide Tiring for linearly polarized light (FIG. 
22D). High intensity areas are concentrated on the edges of 
the rings along the wave polarization direction. The tempera 
ture distribution in the Tiring is governed not only by the heat 
generated in these high intensity areas but also by heat diffu 
sion to the cooler metal regions and Surroundingmedium 
during laser pulsing. In the Ti film on the micropipette, the 
estimated heat diffusion length (-(Dt)') is 230 nm in 6 ns. 
This results in a Smoother temperature profile along the entire 
ring-shaped pipettip. Consequently, thermal energy conduct 
ing away from the Ti film heats the adjacent thin water layer 
to above the critical temperature (Kotaidis et al. (2006) J. 
Chem. Phys. 124: 184702), generating a vapor nanobubble on 
the ringshaped micropipette tip (FIG. 23A). 
0214) Cavitation Bubble Induced Membrane Cutting and 
Corresponding Cell Viability. 
0215 For micrometer-sized cargo delivery into live mam 
malian cells, a transient membrane portal is desired to accom 
modate the cargo size. Moreover, the damage Zone is prefer 
ably contained to allow cell repair and maintain viability. 
FIG. 23A shows cavitation bubbles at the tip of a tilted Ti 
coated micropipette 70 ns after laser pulse irradiation. A 
dramatic reduction in the bubble size was observed when the 
tip was in contact with the cell membrane as this interaction 
impedes bubble expansion. In this case the bubble grew to a 
maximum radius of 400 nm away from the rim of the tip in 70 
ns and collapsed completely within 200 ns after the excitation 
laser pulse (FIGS. 23A and 23B). The blade tip never enters 
the cell so intracellular structural integrity is preserved, which 
helps foster rapid, reparative pore resealing, as evidenced by 
sustained cell viability (FIG. 23C). Cell viability was deter 
mined by annexin V and propidium iodide (PI) exclusion 
staining 90 min following laser pulsing. Under these condi 
tions, >90% cell viability was obtained with laser pulsing and 
bubble explosion alone (at an optimal fluence of 180 ml/cm) 
or when coupled with bufferinjection into HeLa or HEK293T 
cells. Monitoring photothermal nanoblade treated cells over 
24h showed that cells stayed viable and continued to grow 
and divide as usual. 

0216 Biomolecules and Bacteria Delivery by the Photo 
thermal Nanoblade. 

0217 We tested the delivered cargo size range using the 
photothermal nanoblade on various cell types. GFP-express 
ing RNA was efficiently delivered into lipofectamine-resis 
tant IMR90 primary human lung fibroblasts, and a Dsked 
containing lentivirus coated onto 100 nm green fluorescent 
polystyrene beads was successfully expressed in ROCK38 
inhibitor dispersed human embryonic stem cells following 
injection. Fluorescent beads of 200 nm in diameter were 
delivered without clogging, as were micrometer-sized bacte 
ria (FIG. 24). We further evaluated an intracellular bacterium 
as the largest and most fragile cargo delivered by this 
approach (FIG. 25). Burkholderia thailandens is a rod 
shaped bacteria measuring -0.7 umx2 um. To determine 
injection efficiency, GFP-labeled bacteria were suspended in 
buffer at a concentration of -5x10 per mL, 2 orders of mag 
nitude higher than conventional microinjection (Goetz et al. 
(2001) Proc. Natl. Acad. Sci. U.S.A., 98: 12221-12226). High 
cargo concentration is critical in achieving high delivery effi 
ciency since the liquid volume delivered into a cell is limited 
to ~1 L. Without a high concentration, the frequency of 
ejecting 1 bacterium per injection is low. In our experiment, 
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upon laser pulsing and cell membrane opening, 1-5 pil of the 
bacterial Solution was ejected out of the pipet, corresponding 
to an average of ~1 bacteria per injection. Not all the ejected 
solution was delivered into the cell since the pipet tip was in 
light contact with the cell membrane, and the bore of the pipet 
was not in a perfect seal with the membrane after cutting. 
Under this condition, we obtained an average delivery effi 
ciency of 46% from multiple independent experiments. 
0218. We further evaluated the natural bacterial invasion 
efficiency in HeLa cells by incubating cells with B. thailan 
densis for 2 h. The delivery efficiency by photothermal injec 
tion is 2 orders of magnitude higher than the natural HeLa cell 
infectivity of B. thailandensis of 0.8%. Importantly, bacteria 
remained viable and were protected from destruction during 
bubble cycles within the glass pipet and from shearing during 
injection by the large bore tip opening as Verified by bacteria 
multiplication and actin polymerization (Stevens et al. (2005) 
J. Bacteriol., 187: 7857-7862) in the injected cells 24 h after 
transfer (FIG. 25C). 
0219 Reliability Evalution of the Photothermal Nano 
blade. 
0220. For robust operation, the metallic thin film desirably 
withstands high temperature and intense pressure from the 
shockwave and high speed flows generated by cavitation 
bubbles. Ti was chosen as the coating material for its higher 
melting temperature and strong adhesion to the glass Sub 
strate compared with other inert metals such as gold (Ben 
jamin and Weaver (1961) Proc. R. Soc. London, Ser: A, 261: 
516-531). It has been shown in our experiments that a gold 
coated micropipettefailed after a few laser pulses due to thin 
film damage. We verified that a Ti-coated micropipetter 
emained functional through at least 50 laser pulsing and 
bubble explosion cycles. 

CONCLUSIONS. 

0221) The photothermal nanoblade described in this 
example holds promise for delivering currently untransfer 
able large cargo into mammaliancells, such as chromosomes, 
organelles, and intracellular pathogens, that are beyond the 
size constraints of contemporary delivery approaches. An 
additional advantage of the photothermal nanoblade is its 
ease of use. Since membrane cutting is controlled by the laser 
pulse energy and the Ticoating configuration, the user simply 
positions the micropipette tip in gentle contact with the cell 
membrane to perform delivery. By contrast, for conventional 
glass microcapillary microinjection, delivery efficiency and 
cell viability are strongly influenced by the manner in which 
the glass needle enters the cell (e.g., speed, force, angle). As 
a result, the conventional method requires Substantial training 
and experience for a user to become proficient. There is also 
less chance to break the fragile micropipettetip using the 
photothermal nanoblade since it does not require a rapid 
"Zig-Zag' motion for the micropipetteto penetrate and leave 
the cell. The photothermal nanoblade does not operate under 
any specific Surface plasmon resonance modes in the current 
demonstration. Further optimization of the metallic nano 
structure to match the excitation laser wavelength could 
reduce the threshold laser energy for exciting cavitation 
bubbles. 
0222. It is understood that the examples and embodiments 
described herein are for illustrative purposes only and that 
various modifications or changes in light thereofwill be Sug 
gested to persons skilled in the art and are to be included 
within the spirit and purview of this application and scope of 
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the appended claims. All publications, patents, and patent 
applications cited herein are hereby incorporated by refer 
ence in their entirety for all purposes. 

1. A device for delivering an agent into a cell, said device 
comprising: 

a Surface bearing nanoparticles and/or a thin film of a 
material that heats up when contacted with electromag 
netic radiation. 

2-4. (canceled) 
5. The device of claim 1, wherein said surface comprises a 

wall and/or floor of a well in a microtiter plate, a silicon or 
glass wafer, a microscope slide, a cell culture vessel, or a 
chamber or channel in a microfluidic device. 

6. The device of claim 1, wherein said surface comprises a 
Surface of a chamber configured to contain cells and disposed 
for viewing with a microscope. 

7-9. (canceled) 
10. The device according to claim 1, wherein said surface 

comprises one or more orifices, where said nanoparticles 
and/or thin film is deposited on a surface of said at least one of 
said orifices and/or near at one of said orifices. 

11. (canceled) 
12. The device of claim 10, wherein said surface comprises 

at least 5, at least 10, at least 15, at least 20, at least 25, at least 
50, at least 100, at least 200, or at least 500 orifices each 
comprising a surface bearing nanoparticles and/or a thin film, 
and/or having said nanoparticle and/or thin film disposed near 
to said orifice(s). 

13-14. (canceled) 
15. The device according to claim 10, wherein: 
said nanoparticles and/or a thin film are deposited on a wall 

and/or all around the lip of the orifice(s); and/or 
said nanoparticles and/or a thin film are preferentially on 

one region of a wall or lip of the orifice(s); and/or 
said nanoparticles and/or a thin film are deposited on the 

face of the surface and/or on the lip of an orifice on the 
same side on which cells are disposed; and/or 

said nanoparticles and/or a thin film are deposited on the 
face of the surface and/or on the lip of an orifice opposite 
the side on which cells are disposed. 

16-18. (canceled) 
19. The device according to claim 1, wherein said nano 

particles and/or thin film comprise a thin film. 
20-21. (canceled) 
22. The device according to claim 1, wherein said nano 

particles and/or thin film comprise a material selected from 
the group consisting of a semiconductor, a metal, a metal 
alloy, a metal nitride, and a metal oxide, a transition metal, a 
transition metal alloy, a transition metal nitride, and a transi 
tion metal oxide. 

23. (canceled) 
24. The device of claim 22, wherein the nanoparticle and/or 

thin film comprise a material selected from the group consist 
ing of gold, titanium (Ti), TiN, TiCn, and TiAIN. 

25-26. (canceled) 
27. The device of claim 10, wherein one or more of said 

orifices are in fluid communication with a chamber or a 
microchannel containing a reagent to be delivered into a cell. 

28-29. (canceled) 
30. The device of claim 27, wherein said device comprises 

a plurality of microchannels and different microchannels are 
in fluid communication with different orifices. 

31-33. (canceled) 
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34. The device of claim 27, wherein said microchannel(s) 
are pressurized, under control of a pump, or fed by a gravity 
feed. 

35. The device of claim 27, wherein said device further 
comprises a controller that monitors and/or controls flow in 
said microchannel and controls timing and, optionally, loca 
tion of the illumination of said surface. 

36. The device of claim 1, wherein said device is config 
ured to replace the stage on an inverted microscope. 

37. The device of claim 1, wherein a cell is disposed on said 
Surface. 

38-39. (canceled) 
40. A system for selectively opening delivering an agent 

into a cell, said system comprising: 
a device according to claim 1; and 
a source of electromagnetic energy capable of heating said 

nanoparticles or thin film. 
41-44. (canceled) 
45. A method of delivering a reagent into a cell, said 

method comprising: 
providing cells on a device according to claim 1, wherein 

said cells are disposed on said surface; 
contacting said cells with said reagent; and 
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exposing a region of said Surface to electromagnetic radia 
tion thereby inducing heating of said thin film and/or 
particles where said heating forms bubbles that intro 
duce openings in the membrane of cells in or near the 
heated region resulting in the delivery of said reagent 
into those cells. 

46-51. (canceled) 
52. A method of performing micromanipulations on a cell, 

said method comprising: 
contacting said cell with a microSurgery tool, said tool 

comprising a microcapillary having at and/or near the tip 
a film (coating) or nanoparticles that can be heated by 
application of electromagnetic energy; 

applying electromagnetic energy to said tool whereby the 
temperature of said metal film or metal nanoparticles is 
increased resulting in the formation of an opening in the 
membrane of said cell, wherein the contact angle of said 
microsurgery tool with the cell and/or the polarization of 
the electromagnetic energy is varied to alter the size 
and/or shape of the opening introduced into said cell. 

53-65. (canceled) 


