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APPARATUSES AND METHODS USING NANOSTRAWS TO DELIVER BIOLOGICALLY
RELEVANT CARGO INTO NON-ADHERENT CELLS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This patent application claims priority to U.S. Provisional Patent Application No. 62/534,511,

filed on July 19, 2017, and herein incorporated by reterence 1in its entirety.

INCORPORATION BY REFERENCE

[0002] All publications and patent applications mentioned 1n this specification are herein
incorporated by reference 1n their entirety to the same extent as 1t each individual publication or patent

application was specifically and mdividually indicated to be incorporated by reference.

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH
[0003] This work was made with Government support under NSF STTR 1549696, NIST Joint

Metrology 1n Biology (JIMB) Seed Grant. The Government has certain rights in the ivention.

BACKGROUND

[0004 ] Delivery of bio-molecules imto cells 1s a crucial starting point tor controlling cellular
function, proliteration, differentiation, and apoptosis, among other things. Many bio-molecules will not
spontaneously penetrate the cellular membrane, but rather need an external delivery method that will

transport them into the intracellular space where they can perform certain tasks.

[0005] Non-adherent cells include, but 18 not limited to, blood cells, immune cells, adherent cells 1n
the floatation stage, embryos, plant cells, fungi, yeast, and bacteria. Finding a general method to transport
cargo through the cellular membrane for non-adherent cells 1s especially demanding since these cells

come 11 a wide variety of sizes and with vastly difterent cell membrane properties.

[0006] Current methods to deliver into non-adherent cells have yielded low efficiencies, low cell
viability, impacted cellular development or proliteration, been cargo specific, and/or was not suitable tor
sequential delivery. The lack of etficient delivery methods 1s currently a major hurdle that severely
impacts research and commercial outcomes 1n fields spanning immunotherapy, gene therapy, agricultural

development, transgenic animals, drug development, and much more.

[0007] Nanostraws have proven to be an etficient way to deliver biologically relevant cargo into
cells. See, e.g., Vandersarl et al., Nano Letters. 12, 3881 (2012), and Patent US 9,266,725. US 9,266,725
1S hereby incorporated by reference in its entirety. Nanostraw usage have so tar been limited to adherent
cell types, thus limiting the use of nanostraws. It has been theorized that nanostraws can penetrate into
non-adherent cells but that it 1s a highly unlikely event, in principle only applicable tor nanostraw
diameters much smaller than 50nm, and longer than Sum. No studies have so far been presented that
show nanostraw-mediated mtracellular access for non-adherent cells. Such access would be of high

scientific and commercial value as it would enable efficient and easy transtformations of cells 1n
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industrially relevant topics such as immunotherapy, genetically modified organisms, and drug

development.

SUMMARY OF THE DISCLOSURE

[0008] Described herein are nanostraws apparatuses and to methods of utilizing them in order to
deliver biologically relevant molecules such as DNA, RNA (e.g., mRNA, microRNA, etc.), proteins etc.,
into non-adherent tissues, including both groups of cells and single cells, such as immune cells, embryos,
plant cells, bacteria, yeast etc. Previous methods for delivering biologically relevant cargo into non-
adherent cells yielded low efficiencies, and/or low cell viability, and/or impacted cell proliteration, and/or
impacted cellular development, and/or was cargo specific, and/or was non-repeatable, and/or was without
dosage control. By contrast, some of the methods described herein are repeatedly capable of delivering
biologically relevant cargo into non-adherent cells, with high cell viability, dosage control, unattected
proliteration or cellular development, and with high efficiency. Among other uses, these new delivery

methods will allow to scale pre-clinical cell reprogramming techniques to clinical applications.

[0009] Nanostraws are hollow metal-oxide nanotubes that extend from a surface. Nanostraws have
been shown to be able to give direct access to the mtracellular space of adherent cell types (cells that bind
to a surtace). The mechanism tor gaining cellular access have been thought to be due to the cells gripping
on to the surtace and pulling themselves down onto the nanostraws by their own action, thereby stressing
the cellular membrane just above the nanostraw tips. For that mechanism, 1t was hypothesized that only
nanostraws ot diameters smaller than about 50nm and with very low areal density, would be able to give
intracellular access tor non-adherent cell types. Despite its industrial relevance, no data showing

nanostraw-mediated intracellular access tor non-adherent cells have been presented.

[0010] Herein described are apparatuses and methods that allow nanostraws (even of diameters
larger than S0nm) to gain intracellular access ito non-adherent cells. The method 1s based on placing
cells 1n a suspension in a container with nanostraws and coupling it with an external force that will enable
the cells to mteract with the nanostraws, thereby providing a close contact in between the cells and the
nanostraws. This external torce can be exerted through a number of mechanisms, including
centrifugation, mechanical pressure (using magnetic beads, driving the nanostraws against the cell, etc.),
electromagnetic force, etc. For example, min some variations, nanostraws may be mechanically pressed
onto the cells. While 1n contact, biologically relevant cargo can be delivered into the cells through the

nanostraws, which may be delivered in conjunction with applied electrical energy.

[0011] In general, the methods and apparatuses described herein use an external torce 1n order to
make a close contact between cells and the nanostraws. The external torce can be a pressure, applying an
electric and/or magnetic tield, controlling osmotic and/or concentration gradients, use of surtace
interactions and/or species-species interactions, physical inducement such as centrifugal, tlow, shear
etfects, and/or mechanical compression. Once the cells are in contact with the nanostraws, the cargo can
be administered into the cells 1n any suitable way, including but not limited to dittusion through the

nanostraws due to a concentration gradient, by an electric and/or magnetic field, by pressure, by osmotic

20



10

15

20

235

30

35

gradient, by surface interactions and/or species-species interactions, by physical inducement such as

centrifugal flow, and/or shear etfects.

[0012] The examples provided herein for using an external force to enable delivery of molecules into

non-adherent cells may be provided 1 a microfluidic embodiment.

[0013] In some variations, force may be applied by centrifugation. Centrifugation can be used to
make cells 1n a suspension come 1n contact with nanostraws and allow tor intracellular delivery of
biologically relevant molecules 1mto the mtracellular space. For this method, centrifugation may be
performed when the cells are 1n a container incorporating a nanostraw membrane. Once the container
with the cells 1s centrifuged, the cells may be pelleted onto the nanostraws, allowing for intracellular

delivery.

[0014] FIGS. 1A-1C schematically 1llustrate the application of torce to suspended (non-adherent)
tissue, e.g., by centrifugation, onto nanostraws to deliver material into the tissue (e.g., cells). In this
example, the nanostraw membrane 18 fixed to the bottom of a container holding the cells 1n suspension.
During the application of torce (e.g., via centrifugation), the cells are pelleted down onto the nanostraws
enabling delivery of molecules. The cargo can be delivered into the cells, either during the application ot
the force driving the cells onto the nanostraws, or just afterwards, when the cells are still in contact with
the nanostraws. After a certain tume, in the absence of additional tforce driving the cells onto the
nanostraws, the cells can leave the nanostraws and go back into solution again, thereby setting an upper
limit to how long one can wait atter the centritugation betore the cargo has to be delivered. This upper

time limit may be cell specitic.

[0015] In any of the variations described herein, a binding agent may be used to bind the non-
adherent tissue to the nanostraws. The binding agent may be cell-specitic or general. For example, an
antibody directed to an antigen present on the tissue (e.g., cell surtace) may be bound to the nanostraws
and/or the membrane from which the nanostraws extend. The binding agent (e.g., antibody) may help

capture the tissue tor contact with the nanostraws.

[0016] In any of the apparatuses and methods described herein, torce can be applied to remove the
cells from the nanostraws upon demand, including the use of centrifugal torce, tluid tlow, mechanical
force (e.g., retracting the nanostraws, etc.), etc. In some variations one or more chemical and/or
enzymatic agents may also or alternatively be used to remove the cells. For example, trypsin,
collagenase, and/or other agents may be used to remove the tissue (e.g., cells) from the nanostraws. These
agents may be particularly usetul when a binding agent, such as an antibody, has been used to secure the

tissue to the nanostraws.

[0017] For example, described herein are methods of delivering a biologically relevant cargo into
non-adherent cells. These methods may include: applying a torce to drive a suspension of cells into
contact with a plurality of nanostraws, wherein the plurality of nanostraws extend through a substrate and
a distance beyond the substrate that 1s between 2 nm and 50 pm, further wherein the plurality ot

nanostraws are hollow and have an imner diameter of between 5 nm -1500 nm; and driving the cargo trom
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the nanostraws 1nto an intracellular volume of the cells so that at least some (e.g., 20%, 25%, 30%, 35%,

etc.) of the cells take up the biologically relevant cargo.

[0018] As used herein, the cells may take up the cargo by receiving the cargo into the intracellular
space, including, but not limited to translocation of cargo into subregions ot the intracellular space (e.g.,
the nucleus). Further, taking up cargo may include getting the cargo into the mtracellular compartment

above a predetermined threshold (e.g., a detectable level, including a level above background).

[0019] The torce may be applied 1in any appropriate manner, including by moving the nanostraws to
contact the cells, and/or centrifuging the suspension of cells to drive the cells into contact with the
plurality of nanostraws. In some variations, the method includes incorporating magnetic particles on or in
the cells, and applying torce comprises applying a magnetic field to drive the suspension of cells mmto

contact with the plurality of nanostraws.

[0020] In any of these variations, driving the cargo may include applying a pulsed electrical field.

The cargo may be one or more of: nucleic acids or proteins.

[0021] Any of these methods may also include separating the cells from the nanostraws; for
example, separating the cells from the nanostraws may comprise tlowing a solution over the cells; and/or

reversing the torce applied to drive the suspension of cells into contact with the nanostraws.
[0022] In general, these methods may be performed in vitro.

[0023] The nanostraws may be in tfluidic communication with a fluidic passage connected to a
reservoir of biologically relevant cargo. The suspension of cells may comprise plant cells. The substrate

may be a porous structure.

[0024] For example, a method of delivering a biologically relevant cargo into non-adherent cells
may include: applying a force to drive a suspension of cells into contact with a plurality of nanostraws,
wherein the plurality of nanostraws extend through a porous structure and a distance beyond the porous
structure that 1s between 2 nm and 50 um, turther wherein the plurality of nanostraws are hollow and
have an imner diameter ot between 5 nm -1500 nm; applying a pulsed electrical field to drive the cargo
from the nanostraws into an intracellular volume ot the cells so that at least 25% of the cells take up the

biologically relevant cargo; and separating the cells from the nanostraws.

[0025] Also described herein are apparatuses for performing any of the methods described herein.
For example, an apparatus for delivering a biologically relevant cargo into non-adherent cells may
include: a first tlow path, wherein the first flow path 1s configured to receive a suspension of cells; a
deflectable substrate along a lateral side of the first flow path; a plurality of nanostraws extending through
the detlectable substrate and into the first tlow path, wherein the plurality of nanostraws extend from the
flexible substrate, turther wherein the plurality of nanostraws are hollow and have an iner diameter ot
between 5 nm -1500 nm; a reservoir 1n fluid communication with an inside of the plurality of nanostraws,
the reservoir configured to hold the biologically relevant cargo; wherein the detlectable substrate 1s
configured to detlect between a first position and a second position, further wherein the plurality of

nanostraws extend further into the first tlow path in the second position than in the first position to at least
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partially occlude the first flow path so that non-adherent cell in the flow path communicate with one or

more of the plurality of nanostraws.

[0026] The apparatus may also include a pair of electrodes on opposite sides of the tirst flow path
configured to apply an electrical field between the reservoir and the tirst tlow path. These electrode may
be configured (sized, positioned, located, etc.) to apply an electrical field between the reservoir and the
first tflow path when the detlectable substrate 1s 1n the second position. The apparatus reservoir may be

configured as a second tluidic channel through which the biologically relevant cargo tlows.

[0027] The first flow path may comprise an inlet at a first end and an outlet at a second end, and may
extend between these two. The detlectable substrate may comprises a porous structure. The plurality of
nanostraws may extend between 2 nm and 50 um from the substrate. The detlectable substrate may be
configured to transition from the first position to the second position based on the pressure 1n the

reservoir.
[00238] Any of these apparatuses may be configured a cartridge.

[0029] For example, an apparatus for delivering a biologically relevant cargo into non-adherent cells
may include: a first flow path having an inlet port and an outlet port, wherein the first flow path 1s
configured to receive a suspension of cells; a deflectable substrate along a lateral side of the first flow
path; a plurality of nanostraws extending through the detlectable substrate and into the first flow path,
wherein the plurality of nanostraws extend between 2 nm and 50 um from the substrate, further wherein
the plurality of nanostraws are hollow and have an mner diameter of between 5 nm -1500 nm; a reservoir
in fluid communication with an inside of the plurality of nanostraws, the reservoir configured to hold the
biologically relevant cargo; wherein the detlectable substrate 1s configured to detlect between a first
position and a second position, further wherein the plurality of nanostraws extend further into the first
flow path 1n the second position than in the first position to at least partially occlude the first flow path so
that non-adherent cell 1n the tlow path communicate with one or more of the plurality of nanostraws; and
a pair of electrodes on opposite sides ot the first flow path contigured to apply an electrical tield between

the reservoir and the first flow path.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] The novel features of the apparatuses and methods are set forth with particularity in the
claims that follow. A better understanding of the features and advantages will be obtained by reference to
the tollowing detailed description that sets forth i1llustrative embodiments, in which the principles ot the

invention are utilized, and the accompanying drawings ot which:

[0031] FIGS. 1A-1C show a schematic of a side view of a container incorporating a nanostraw
membrane 1n the bottom, filled with a suspension of tissue (cells), as shown 1n FIG. 1A. Under an
external torce, such as centrifugation, non-adherent cells can be used to put the cells 1n close contact with
the nanostraws, as shown 1n FIG. 1B. While the cells are 1n contact with the nanostraws, and the bottom
of the nanostraws are 1n contact with a cargo solution within the nanostraws, cargo can be delivered into

the cells, as shown 1n FIG. 1C. Schematic 1s not to scale.
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[0032] FIGS. 2A-2B show delivery of DNA oligomer into human induced pluripotent stem cells
(1PSCs) 1n the tlotation stage though nanostraws in which ftorce was applied by centritugation. The
differential image contrast, in FIG. 2A, shows the total number of cells. The green channel, 1n FIG. 2B,
shows the cells 1n which the oligomer was delivered. The cells were centrifuged at 300 g for 5 min onto
100 nm diameter nanostraws with 1.2 um length. The delivery was enhanced by applying 200 us long 20

V voltage pulses, with 40 Hz frequency for 80 s, after the centrifugation.
[0033] FIGS. 3A-3D illustrate delivery of DNA oligomer into Jurkat cells. FIG. 3A shows Hoechst

stamning, illustrating the total number of cells by staining the nuclei. The green channel in FIG. 3B shows
the cells 1n which the oligomer was delivered. The cells 1n this example were centrifuged at 300 g for 3
min onto 200 nm diameter nanostraws with 1.2 um length. The delivery was enhanced by applying a train
of 200 us long 20 V voltage pulses, with 40 Hz trequency tor 40 s, atter the centrifugation. The delivery
could be repeated for another 40 s. A second delivery resulted 1in similar delivery etficiencies (percentage
of cells that received the cargo), as shown in FIG. 3C, but with close to a doubling ot the tluorescence

intensity in the cells, as shown in FI1G. 3D.

[0034] FIGS. 4A-4B are cytograms showing eGFP-plasmid expression, in FIG. 4A, and Cas9
ribonucleoprotein complex delivery, in FIG. 4B, into Jurkat cells. In a, the expression of eGEFP plasmid
three days after nanostraw mediated delivery 1s shown. More than about 30% ot the cells expressed the
plasmid. In FIG. 4B, a GFP-tagged Cas9 ribonucloeprotein complex was delivered into Jurkat cells using
nanostraws with more than 25% etticiency. The cells were centrifuged at 300 g for 5 min onto 200 nm
diameter nanostraws with 1.2 um length. The delivery was enhanced by applying a train of 200 us long
20 V voltage pulses, with 40 Hz frequency for 40 s, atter the centrifugation. Cells which got PBS

delivered to them were used to gate the cytograms.

[0035] As mentioned, any tissue or cell type, including plant cells, may be used with the methods
and apparatuses described herein. FIGS. SA-5C show nanostraw-centrifugation (in which cells n
suspension were driven into contact with the tips ot a plurality of nanostraws by centrifugation) mediated
delivery into plant cells. FIG. SA shows deliver of propidium 1odide (PI) into Havana tobacco protoplast
cells. FIG. 5B shows delivery of PI into Havana tobacco cells in suspension. Nuclear staining was visible
by a blue color using Hoechst, red shows the cells that received PI. FIG. 5C shows the delivery and
expression of TD18 (RFP) plasmid into ST1 Switchgrass protoplast cells. The background shows the total
number of cells, the red overlay shows a cell expressing the REFP after successtul delivery. The cells were
centrifuged at 150-200 g for 10 min onto 100 nm diameter nanostraws with about 2 um length. The
delivery was enhanced by applying a train ot 200 us long 20 V voltage pulses, with 40 Hz frequency tfor

40) s, after the centrifugation.

[0036] Other plant cells may be used, including cells of protoplast, meristem, pollen, callus,
suspension cells containing cell walls), plant embryos, etc. As mentioned, even cells, such as plant cells,

having a cell wall may be treated as described herein.
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[0037] FIGS. 6 A-6C show a side schematic view of an exemplary apparatus in which pressure (e.g.,
mechanical force) 1s used to press the cells onto the nanostraws by moving the nanostraws onto the cells.

This variation may be reterred to as a “"French press” apparatus.

[0038] FIGS. 6D-6F show another variation of an exemplary apparatus similar to that shown
schematically in FIGS. 6A-6C. In FIG. 6D, the bottom of the chamber may include a plurality of
openings or pores through which tluid may be driven; these opening may be too small to allow the cells to
allow passage of the cells, but the tlow of tluid out ot the chamber may drive the cells against the bottom

allowing contact with the nanostraws, as shown in FIG. 6E, tor delivery ot cargo, as shown in FIG. 6F.

[0039] FIGS. 7A-7D show mouse embryos atter a DNA oligomer tagged with a red fluorescent
molecule was delivered to them. The embryo shown in FIG. 7A (using bright field microscopy) was
pressed by adding 150ul of o1l on top of the cargo. The protective zona pellucida (ZP) can be seen to be
intact and surrounding the oocyte. When observing the tluorescence, in FIG. 7B, 1t 1s apparent that the
oligomer goes into the perivitelline space (between ZP and oocyte) as well as into satellite cells.
However, no oligo can be seen inside the oocyte. The embryo in FIG. 7C was pressed using 300ul ot o1l
on top of the cargo. That pressure 1s enough to enable the straws to penetrate into the oocyte 1tself to
deliver the oligomer, as 1s evidenced by the red tluorescence inside the oocyte, shown in FIG. 7D. The
embryos were pressed by 200 nm diameter nanostraws with about 1.2 um length. 100 ul of DNA
oligomer tagged with a red fluorescent molecule, diluted in 0.1x PBS was loaded as the cargo solution.
150 or 300 ul of mineral oil was added to the embryos in FIGS. 7A-7B and FIGS. 7C-7D, respectively, as
extra weight was used to press the nanostraws onto the embryos. The delivery was enhanced by applying
a train of 200 us long 20 V voltage pulses, with 40 Hz frequency for 80 s. A spacer of 50 um height was

used for both deliveries to ensure that the embryos were not squeezed too much. The yellow line 1n FIG.

7A outlines the ZP.
[0040] FIGS. 8A-8B show a layout of one example of a flow-through device for high throughput

delivery that performs the methods described herein. FIG. 8A shows a top view of components that may

make a flow-through device.

[0041] FIGS. 9A-9B show another example of a flow-through device in use. In FIG. 9A, a side view
schematically shows the layout of the exemplary assembled device. Cells are injected through inlet 2,
passing by underneath the nanostraws, and are collected at outlet 2. In FIG. 9B, the same side view
shows the device during delivery of a cargo into cells tlowing through the device. In FIG. 9B, the
increased pressure 1n the cargo reservolr makes the nanostraw membrane bend, thereby coming in contact

with the cells, allowing for intracellular access.

[0042] FIGS. 10A-10C 1llustrate an example of cells transtected with a tlow-through device such as
that shown in FIG. 9A-9B. In FIG. 10A, HEK293 cells 1n the floatation stage after delivery of dextran
blue as schematically 1llustrated in FIGS. 9A-9B. FIG. 10B shows Calcein AM staining having a high
cell viability after delivery. FIG. 10C shows delivery of propidium 1odide (PI) dye to mouse oocytes (red

channel).
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[0043] FIG. 11 1s a schematic of a closed loop system for nanostraw transfection. In this example,
cells tflow 1nto the nanostraw device together with the desired cargo. The cargo 1s delivered through the
nanostraws and into the cells, after which they are transported to a sterile cell holding tlask. After

completion, the flask can be removed for use.

[0044 ] FIGS. 12A-12C illustrate another example ot a flow-through device tor transtecting non-
adherent tissue using nanostraws, similar to that shown in FIGS. 9A-9B. In this example of a nanostraw
delivery system, cells are tlowed into the transfection chamber, as shown in FIG. 12A. In FIG. 12B,
pressure 1s applied to the cargo channel, pressing the nanostraws into the cell. The amount ot applied
pressure may be controlled by the tlow rate. As shown in FIG. 12C, once the pressure 1s released, cells

may be transported to a collection container.
[0045] FIG. 13 1s an example of a prototype tlow-through apparatus.
[0046] FIGS. 14A-14F show cytograms of GFP-tagged CAS9 ribonucleoprotein complex delivery

into Jurkat cells using a wide range of salt concentrations for the butter that the CAS9 was diluted 1n;
transtection 1s performed using the methods and apparatuses described herein, applying torce by
centrifugation onto the nanostraws. Salt concentrations are: DDH20 (FIG. 14A), 0.1xPBS (FIG. 14B),
1xPBS (FIG. 14C), 2xPBS (FIG. 14D). FIG. 14E shows cells which were delivered 1XxPBS (no CAS9).
FIG. 14F shows untreated cells. The cells were centrifuged at 300¢g for Smin onto 200nm diameter
nanostraws with 1.2 um length. The delivery was enhanced by applying a train of 200 us long 20 V

voltage pulses, with 40 Hz trequency tor 120 s, after the centrifugation.

[0047] FIGS. 15A-15F illustrate one example of a substrate from which a plurality of nanostraws
extend. FIG. 15A shows an example of an SEM of a substrate from which nanostraws extend. FIG. 15B
1s an example of an adherent cell (Chinese hamster ovary, CHO, cell) grown and adherent to the substrate
with nanostraws. FIGS. 15C-15F 1llustrate one method of fabricating nanostraws that may be used with

any of the apparatuses and methods described herein.

[0048] FIG. 16 A-16G 1llustrate the use of magnetic beads to drive non-adherent cells into contact
with the open ends of a plurality of nanostraws. FIG. 16A shows the eftect of viability on exemplary cells
combined with magnetic particles (MNPs). In FIG. 16A, cell viability with either starch- or PEG-coated
MNPs 11 1 or 5 uLL/mL without or with different magnetic field strengths tor 24 hr. were monitored. Cell
viabilities with 1 uL/mL starch-coated MNPs were similar to control while the other conditions had lower
cell viability. FIG. 16B illustrates the proliteration of the cells over 4 days. Treatments with 1 pL/mL
starch-coated MNPs did not significantly atfect cell proliferation while others, including only NES,
delayed cell proliteration. The labels “A’, ‘B’ and *C’ reter to magnetic field strengths as listed in the
legend of FIG. 16A. FIG. 16C illustrates the etfect of magneto-mechanical modulation with static
magnetic fields, showing a significantly improved net transtection etticiency from 12.8% to about 30%.
The use of low-1requency alternating magnetic fields did not result in any significant difference in net
transtection etfficiencies. In this example, a magnet was placed about 3.6 cm, measured from the center ot
the magnet, away tfrom the cells, providing Fuaximag = 19.0 pN/cell. FIGS. 16D-16G illustrate one

example of magnetic beads used to drive the contact between the ends of nanostraws and the cells. FIG.
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16D shows a brightfield 1mage of cells tollowing treatment. FIG. 16E shows the same 1mage, with a
florescent marker for MPSs that have been taken up by the cells (the majority of the cells have associated
MNPs). FIG. 16F 1s the same field of view, imaging a marker (green florescent protein) added to the
cells as the cargo from the nanostraws, while FIG. 16G 1s a composite image showing both MNPs and the
delivered cargo GFP. The resulting images show an about 30% net transtection etficiency using the

magnetic particles *: p < 0.05, **: p < 0.001. Error bars shown are + standard mean error.

DETAILED DESCRIPTION

[0049] Described herein 1s use of nanostraws to deliver biologically relevant cargo into non-adherent
cells. The methods and the apparatuses (including devices and systems) described herein may apply a
force to drive (and 1 some variations, sustain) contact between the tip ot the hollow nanostraws and the
cell, so that a biologically relevant cargo can be transterred from a reservoir, through the nanostraws and

mto the cells.

[0050] The torce applied may be a mechanical torce, e.g., pressing the cells and/or the nanostraws
into contact with each other, tor example, by moving the nanostraws into the cells and/or using fluid tlow
(e.g., tluid pressure) to drive cells onto the nanostraws. Alternatively or additionally, the force may be
due to centrifugation. Alternatively or additionally, the force may be magnetic, e.g., driving magnetic
particles coupled to the cells so that the cells contact the nanostraws. Any of these examples may be

combined or used separately.

[0051] In any of these methods and apparatuses, a pulsed electrical field may be used to enhance
transter of the biologically relevant cargo from the nanostraws into the cells. The pulsed electromagnetic

field may be applied during or after the application of force.

[0052] In any of these method and apparatuses the cells may be removed from the nanostraws

following transter of a sutficient amount of cargo.

[0053] Any appropriate cargo (“‘biologically relevant cargo™) may be used. In particular, cargo may
include nucleotides (e.g., DNA, RNA, including but not limited to double stranded DNA, single stranded
DNA, plasmuds, mRNA, microRNA, siRNA, etc.), proteins, small molecules, and/or combinations of
these. Cargo may also include markers (dyes, tlorescent agents, etc.) or the like. Cargo may include
protein complexes (e.g., proteins having tertiary or quaternary structure, such as protein subunits,

enzymes, etc.). In addition, any desired concentration of cargo may be used (e.g., between 1 pg/ml and 1

mg/ml, 1 ng/ml and 1 mg/ml, etc.)

[0054] In general, nanostraws are hollow 1norganic nanotubes that may be formed from nanoporous
polymer tilms. FIG. 15A illustrates one example of a substrate (a nanoporous substrate) having a
plurality of nanostraws 1501 extending through and out of the substrate 1503. These nanostraws can
pierce the cell membrane, enabling direct delivery of biological or chemical cargoes through the
nanostraws and into the cell. This process avoids biological challenges related to endocytosis and
degradation, and 1s largely agnostic to the cargo type (e.g., DNA, RNA, proteins, and small molecules,

etc.). FIG. 15A 1s an SEM of one example of nanostraws projecting from a substrate. FIG. 15B shows an
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example ot an adherent cell type (e.g., a fibroblast 1508) growing on the substrate and over the
nanostraws. FIGS. 15C-15F 1illustrate schematically one method of fabricating nanostraws. In this
example, nanostraws are tabricated starting with track-etched polycarbonate membrane as a template for
the nanostraws (FIG. 15C). A range ot pore sizes may be used (e.g., between about 20 nm to about 10
um) and pore densities (e.g., between about 1x10°-1x10” pores/cm?, between about 1x10°-1x10°
pores/cm?, between about 1x107-1x10° pores/cm?, between about 1x10°-1x10° pores/cm?, between about
1x10°-1x10°® pores/cm?, between about 1x10°-1x107 pores/cm?, between about 1x10°%-1x10° pores/cm?,
greater than about 1x10° pores/cm?, greater than about 1x107 pores/cm?, greater than about 1x10®
pores/cm?, etc.). A silica or alumina coating 1511 may be deposited on the substrate (e.g., FIG. 15D).
Atomic Layer Deposition (ALD) may be pertormed on all nanoporous membrane surfaces (top, bottom,
and 1nside the pores). The completely 1sotropic gas-phase nature of the ALD deposition process may yield
a highly uniform coating (+/- <5%), typically chosen to be 15-20 nm thick (e.g., FIG. 15E). The alumina
on the top surface may be removed with a directional Reactive lon Etch (RIE) to expose the bare polymer
layer underneath, removing the top surtace and leaving the coatings in the nanopores undisturbed.
Finally, an oxygen plasma etcher may be used to expose the morganic nanostraws by selectively etching
the polymer until the desired nanostraw height 1s obtained, typically 1-2 pym (FIG. F). The oxygen RIE 1s
highly selective tor polycarbonate, ensuring that the alumina nanostraws are not degraded as the straws
are revealed. The nanostraw dimensions may be independently controllable through adjustments to the
track-etched membrane properties (straw diameter and density), ALD alumina thickness (straw wall
thickness), and etch time (nanostraw height). Although the example above refers to alumina and silica

nanostraw materials, other materials may be used, including hatnia.

[0055] FIGS. 1A-1C illustrate the general method described herein tor delivering a biologically
relevant cargo into non-adherent cells. In FIG. 1A, the solution or suspension of non-adherent cells 101
1s shown above a substrate 103 through which a plurality of nanostraws 105 extend (not shown to scale).
A torce 109 1s applied to drive a suspension of cells into contact with a plurality of nanostraws, as shown
in FIG. 9B. The cells theretore contact the open distal tips ot the plurality of nanostraws extending
through a substrate; the nanostraws all extend a distance beyond the substrate (e.g., between 1 nm and
100 um, between 2 nm and 50 um, greater than 1 nm, greater than 2 nm, greater than 5 nm, etc.). As
mentioned, the nanostraws further wherein the plurality of nanostraws are hollow (and may have an inner
diameter, e.g., between about 1 nm — 1750 nm, between about 5 nm -1500 nm, etc.). In any of the
methods described herein an electric tield (e.g., a pulsed electric field) may be applied to help drive the
cargo 1nto the cells once they’ ve made contact with the nanostraws. After an appropriate time (e.g., one
second, 10 seconds, 30 seconds, 45 seconds, one minute, 2 minutes, 3 minutes, 5 minutes, 10 minutes,
etc.) the cargo 1s transferred to all or some (e.g., greater than 20%, greater than 25%, greater than 30%,
greater than 35%, greater than 40%, greater than 50%, greater than 60%, greater than 70%, greater than
80%, greater than 90%, etc.) of the cells have taken up the cargo, as shown schematically in FIG. 1C.
Thereatter, the cells may be separated from the nanostraws, and placed back into solution. They may

then be further processed.
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[00356] For example, FIGS. 2A-2B 1llustrate one example 1in which centrifugation was used to apply
force to drive contact between non-adherent cells and a plurality of nanostraws. In this example, human
induced pluripotent stem cells (hiPSCs) 1n the tloatation stage were delivered using the nanostraw-
centrifugation method. FIGS. 2A-2B show that this method can be used to deliver DNA oligomers tagged
with a green tluorescent molecule. hiPSCs were placed 1n a container incorporating a nanostraw
membrane 1n the bottom. Instead ot allowing the cells to sediment and adhere to the surtace, they were
centrifuged down at 300g for 5 min. Once centrifuged, an external electric field was applied to assist in
delivery of the tagged oligomer (the cargo) from the nanostraws. In FIG. 2A, the differential image
contrast (DIC), shows the total number of cells, whereas the green channel (FIG. 2B) show the cells 1n
which the DNA oligomer was delivered. It can be seen that most of the cells received the DNA oligomer.
From this, we can conclude that this method can be used to deliver molecules 1nto adherent cells 1n the
flotation stage. This method greatly increases the throughput of nanostraw delivery into adherent cell

types since 1t removes the conventional overnight cell plating while maintaining high etficiency delivery.

[0057] In another example of this method, Jurkat cells were centrifuged onto nanostraws for efficient
delivery ot molecular cargo. Jurkat 1s a human T-cell lymphoma cell line that bear many resemblances to
T-cells. Molecular delivery mto T-cells, and T-cell mimics 1s a key step for implementing
immunotherapeutic approaches such as chimeric antigen receptor (CAR) T-cells. Jurkat cells grow
suspension and it has not previously been possible to deliver to using nanostraws. FIGS. 3A-3D show the
result of centrifuging these cells down onto nanostraws, indicating an etficient delivery of molecular
cargo can be pertormed by this method for the first time using nanostraws. The Jurkat cells were placed in
a container incorporating a nanostraw membrane in the bottom. The cells were centrituged at 300g for 3
min, after which a DNA oligomer tagged with a green fluorescent dye was delivered for a total of 40 s
(enhanced by applying short voltage pulses). By studying the number of green cells (indicating cells
which got the oligomer delivered) vs. the total number of cells as visualized by staining the nucle1 using
Hoechst 33342, 1t was found that more than 90% of the cell received the cargo by this method. The
Hoechst staining showed more than 95% cell viability as determined by the lack ot chromatin

condensation.

[0038] Increased delivery time using the same cargo solution also enabled dosage controlled
delivery. Doubling of the delivery time did not significantly alter the percentage ot cells that got the
cargo, as shown m FIG. 3C, but it did result 1n a close to doubling of the amount of delivered cargo, as
shown 1n FIG. 3D. In FIG. 3D the fluorescence intensity of the oligomer inside the cells was determined,
showing that cells having twice the delivery time in contact with the nanostraw under pulsed electric field

recerved nearly twice the cargo.

[0059] The use of force, in this example, centrifugation, to drive non-adherent immune cells onto
nanostraws can be used tor etficient, dosage controlled, delivery ot cargo with high cell viability, thereby

enabling etficient gene editing of immune cells for immunotherapeutic applications.

[0060] The coupled use of force (e.g., centrifugation) to drive non-adherent cells (in suspension)

onto nanostraws may be used to deliver cargo much larger than DNA oligomers. In FIG. 4A, a cytogram
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shows the expression of eGFP-plasmid in more than 30% of the Jurkat cells in which 1t was delivered.
The delivery was performed similar to the oligomer deliver 1n the Jurkats by centrituging the cells down
onto nanostraws at 300g tor 5 min. The delivery was enhanced by the addition ot a pulsed electric tield.
The cytogram was obtained three days atter the nanostraw delivery, showing that the cells proliterated
without problems atter the nanostraw delivery. FIG. 4B shows the delivery ot a GFP-tagged Cas9
ribonucleoprotein complex into Jurkat cells. The Cas9 protein 1s highly relevant tor a number of gene
editing applications, including immunotherapy. The achieved delivery efficiency of more than 25%
shows that nanostraw mediated delivery 1s a viable route for targeted gene editing in hard to transtect
cells. The ability to deliver the protein directly and not having to rely on expression of DNA or mRNA

inside the cells holds promises tor faster and more reliable gene editing.

[0061] As mentioned above, plant cells can be pierced by nanostraws tor intracellular delivery using
the methods and apparatuses described herein. Plant cells, unlike animal, e.g., mammalian cells, may
include a several-micrometer thick cell wall that surrounds the cellular membrane. The cell wall 1s made
from polysaccharide and provides, among other things, mechanical support. Delivery of cargo beyond the
wall 1s very challenging, but may be pertormed using the methods and apparatuses described herein. In
some 1nstances, the cell wall can be removed using ditfferent enzymes in order to produce a so-called

protoplast culture.

[0062] Nanostraws can deliver non-cell permeable molecules into both plant protoplasts and cells in
suspension. In the example shown in FIG. SA, a protoplast culture of Havana tobacco cells was placed in
a container 1mcorporating a nanostraw membrane 1n the bottom. The cells were centrifuged onto the
nanostraws at 150¢g tor 10min followed by voltage assisted delivery ot a non-cell permeable stain,
propidium 1odide (PI). The red cells have received the PI stain and by comparing the PI to nuclear
staining using Hoechst, blue color, we could deduce that more than 90% of the cells recerved the PI. For
tobacco cells 1n suspension (1.e. with a tull cell wall), FIG. 5B, the PI delivery had a lower etficiency
which may be partly attributed to the 3-dimensional agglomeration that the suspension cells present. Even
so, PI can clearly be delivered to some of the cells. FIG. 5C shows expression of a nanostraw-
centrifugation delivered RFP-plasmid in switchgrass protoplast culture. These results show that the
presented method can be used to gain intracellular access into plant cells both with and without a cell

wall.

[0063] For nanostraws of diameters 10-1000 nm and lengths of 0.1-25um, centrifugation speeds
from 1-100,000¢g can be used. Difterent centrifugation speeds may be used depending on the cell type,
since a physical penetration may be dependent on cell membrane tailure stress, cell size, and density. For
example, most mammalian cells may be driven onto a nanostraw by centrifugation using 100-3000 g

centrifugation for 2-20 min. Optimized at 300g tor Smin.

[0064] Similarly, in some variations, T-cells may be driven onto the nanostraws as described herein,
using a centrifugation speed ot about 200-2000g for 2-20 min. This may be optimized to approximately
750¢ tor 5 min. The need tor higher speeds 1s explained by their smaller size. For example, plant cells in

suspension and protoplasted plant cells have been used. Preliminary work suggests that the method
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include driving the plant cells onto a nanostraw using approximately 1 — 1000 g tor 2-20 min, which may
be optimized at 200¢g for 5 min. Other cell types (e.g., yeast cells) may use other parameters for applying
force by centrifugation, e.g., spinning down onto the nanostraws at about 1000-6000¢g for 5-60 min.
Embryos may be applied by centrifuging at between 1 — 1500¢g tor 0.1 — 30 muin. The larger size ot
embryos allow delivery at lower centrifugation speeds. Bacteria may be driven onto a plurality of
nanostraws using, e.g., 1500-10,000¢g for 5-60 min. The small size, and thick cell wall of bacteria may

take a higher centrifugation speeds.

[0063] After the centrifugation, the cargo may be delivered betore the cells go otf 1n suspension
again, generally betore 30 min. Some cell types, such as large plant cells, can wait longer whereas some

cell types, such as small T-cells, may be delivered to within Smin.

[0066] In general, the buffer in which the cells are suspended during the centrifugation can be

chosen to be any kind of liquid that will not lyse the cells. More viscous materials can be used to stabilize
the cells on the nanostraws for a longer time and reduce the risk ot cells going otf into solution before the
delivery has been pertormed. For bacteria, pure water 1s not recommended since it can cause aggregation

of the bacteria.

[0067] In some variations, mechanical force may be applied so that nanostraws can be pressed onto
cells 1n order to gain intracellular access, the so called “French press” embodiment. In this example,
illustrated in FIGS. 6A-6C and 6D-6E, a container incorporating a nanostraw membrane 601 in the
bottom 1s filled with a cargo solution 6035, FIG. 6A. Unlike the centritugation-based method described
above, since the nanostraws extend out from the container, facing down, cells are placed on a surtace
surrounded by a thin spacer whose height 1s chosen to match the height of the cells of interest. The
nanostraw container 601 1s placed on top ot the cells such as to put the nanostraws and the cells 1n
contact. It needed, extra pressure can be applied by adding another tluid on top ot the cargo solution.
Once a suitable pressure 1s applied, cargo can be delivered into the cells, including applying the transter
charge (e.g., applying a pulsed electric field).

[0068] When mechanical force is used to drive the cells into the nanostraws in the “French press”
variation, cells may be dispersed on a flat surtace surrounded by walls of a defined height. A container
consisting of a porous membrane 601 incorporating nanostraws 603 may be extended downwards placed
on top of the cells 607. The container may hold the cargo of interest 605 with the option of an extra
weight e.g. o1l 609 that can provide extra pressure. When pushed towards the cells (as shown in FIG. 6B),
the cells will be squeezed, resulting in the nanostraws coming in close proximity to the cells. The
nanostraws can then be used for delivery ot a cargo into the cells, either by ditfusion due to a
concentration gradient or by adding external driving torces such as an electric field, centrifugation, liquid

flow, etc.

[0069] Another variations is shown in FIGS. 6D-6F. In this example, as above, there is a receptacle
for suspended, non-adherent cells 617 and the substrate with nanostraws may be moved 1nto the
receptacle; this may displace some of the fluid, which may pass through the base. The base 1n this

example includes openings 621 (channels, pores, etc.) that may pass the tluid (as shown in FIG. 6E) when
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the substrate and nanostraws are lowered into the base, and may allow the substrate and nanostraws to
drive the cells against the base so that they may be supported while the nanostraws contact them 1n order

to pass cargo into the cells.

[0070] Mouse embryos can be accessed by pressing the nanostraws onto them. Embryos present a
challenging task for nanostraw delivery mainly due to the several micrometer thick zona pellucida (ZP)
that surrounds the entire oocyte. Many bio-relevant molecules, such as gene editing tools, need to be

delivered into the oocyte and reliable access to it 1s therefore of high interest.

[0071] In variations in which the nanostraws are driven against the non-adherent cells, the pressure
exerted by the nanostraws may be adjusted or controlled 1n order to control (e.g., tune) their penetration
depth. For example, in FIGS. 7A-7B, applying a moderate pressure during nanostraw delivery results in
fluorescently tagged oligomers into the perivitelline space (between ZP and oocyte). By adding turther
pressure, we can tune the penetration depth to reach into the oocyte itselt, as shown i FIGS. 7C-7D.
These results present a new avenue to, among other things, generate transgenic animals with high
throughput since many embryos can be delivered to simultaneously. Additionally, gene editing tools such
as Crispr proteins can be delivered directly through the nanostraws allowing tor quick and etticient

genetic editing, thereby removing mosaicism commonly associated with creation of transgenic animals.

[0072] The tunable access to the perivitelline space could be useful for intracellular sampling
applications. For disease screening in embryos, nanostraws may be used to sample (and remove) small
amounts of intracellular molecules such as mRNA. In order to have as non-invasive sampling as possible,
it would be suitable to sample molecules excreted into the perivitelline space (PVS) rather than tfrom the
oocyte itself. The method presented here shows that predictable, tunable access to the PVS or oocyte 1s

possible.

[0073] In some variations, a spacer may be used to adjust the depth of the nanostraws advanced 1nto
the cells. For nanostraws ot diameters 10-1000 nm and lengths of 0.1-25 um, spacers in the range
between 0 and up to 50 times the cell diameter can be used. For spacers larger than 10 times the cell
diameter, the nanostraws will not be able to reach the cells for intracellular delivery. A spacer ot about
half the cell diameter may be suitable tor delivery into embryos. When using a spacer ot about halt the
cell diameter, no intracellular delivery was seen, until an additional external force was used to push the
nanostraws closer to the cells, as shown 1in FIGS. 7A-7D. For those spacer thicknesses, adding 150-300
ul mineral o1l on top of the cargo solution was usetul to tune the nanostraws to reach the mtracellular

space.

[0074] FIGS. 8A-8B 1llustrate another example of an apparatus that may be used to deliver cargo via
nanostraws to non-adherent cells. In general, nanostraws can be imcorporated into a microfluidic setup in
which biologically relevant cargo can be delivered into non-adherent cells. In such a setup, cells may be
transported 1 microfluidic chambers and interact with nanostraws 1n one or several of the tollowing
ways: pressure, applying an electric and/or magnetic field, controlling osmotic and/or concentration
gradients, use of surface interactions and/or species-species imteractions, physical inducement such as

centrifugal, flow, shear ettects, and/or mechanical compression. Such a tflow-through device would be
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able to greatly increase the number of cells that can be delivered into while at the same time being a
closed system with minimal risk for contamination. An example of one such embodiment in which a

mechanical compression similar to the French press technique 1s used 1s shown 1n FIGS. 8A-8B.

[0073] The nanostraw flow-through device in the example shown in FIG. 8A-8B is composed of five
layers. Two supportive ITO glass slides 801, 803 (layer 1 and 5) may provide mechanical support as well
as electrodes tor voltage enhanced delivery. Layers 2 and 4 805, 807 may be laser-cut double sided tape
with well-detfined thicknesses. Layer 3 809 1s a polymer membrane incorporating the nanostraws. FIG. 8B
1S a top view of an exemplary assembled device with mlets and outlets. Inlets 1 and 3 may be used for
microfluidic focusing of the cells. Inlet 2 may be used for the cells. Inlet 4 may be ftor the cargo solution.

Outlet 1 1n this example 1s collecting non-delivered cargo; outlet 2 1s for the cells.

[0076] A polymer membrane containing the nanostraws (layer 3) 809 is sandwiched between two
fluidic chamber layers (layer 2 and 4) 805, 807. The microtluidic path in layer 2 805 may serve two
purposes: 1t may contain the cargo to be delivered, and the tluidic pressure may enable the nanostraws to
come 1n contact with the cells and allow tor molecular delivery. Layer 4 807 may serve as a transport
channel for the cells. The cell solution and the cargo solution may thus be 1n tfluidic connection through
the nanostraw membrane. The three-layer core may be sandwiched between two indium-tin-oxide (ITO)
glass slides (Layer 1 and 5) 801, 803 that serve as the supporting structure as well as electrodes tor
voltage enhanced delivery. Layer 1 incorporates 6 holes tor inlet and outlet tubes, as shown in FIG. 8B,

which also shows the electrical connections for the electrodes.

[0077] During delivery, cells in solution may be injected via inlet 2. In this example, cell culture
media 18 1njected via mlet 1 and 3 to microtluidically focus the cells in the delivery area (FIGS. 8A-9B).
For intracellular delivery, a cargo solution may be injected via inlet 4. The liquid pressure 1n the cargo
solution may cause the nanostraw membrane to curve, thereby coming in contact with cells that pass
through, thereby allowing delivery of molecules into the cells. An electric field can be applied between
layers 1 and 5 to enhance the delivery. The cells that were delivered to, can be collected at outlet 2, and
the delivery reagent can be recycled at outlet 1. This system can be used for all types of non-adherent
cells. FIGS. 10A-10C 1illustrate the delivery of Dextran blue into HEK293 cells 1n a similar tflow-through
apparatus. Staining using calcein AM, revealed very high cell viability. In FIG. 10C the delivery ot
propidium 1odide (PI) into mouse embryos 1s shown. The Pl stains the whole oocyte red, as well as binds
to DNA, thereby highlighting the pronuclei. These results show that the nanostraws provide intracellular

access also 1n a tlow-through setup.

[0078] FIGS. 9A-9B show another example of a flow-through device in use. In FIG. 9A, a side view
schematically shows the layout of the exemplary assembled device. Cells are injected through inlet 2,
passing by underneath the nanostraws, and are collected at outlet 2. In FIG. 9B, the same side view
shows the device during delivery of a cargo into cells tlowing through the device. In FIG. 9B, the
increased pressure 1n the cargo reservoir makes the nanostraw membrane bend, thereby coming in contact
with the cells, allowing for intracellular access. For enhanced delivery, an electric field, E, can be applied

between the two ITO slides (over the nanostraw membrane and the cells, e.g., between the reservoir 905
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and the channel 911 that the cells are tlowing through). A working area 919 may include a detlectable
substrate along a lateral side of the first flow path. The detflectable substrate may include a plurality of
nanostraws 917 extending through the detlectable substrate and into the first tlow path, wherein the
plurality ot nanostraws extend from the tlexible substrate (e.g., the plurality of nanostraws may be hollow
and have an inner diameter ot between 5 nm -1500 nm). The apparatus also include a reservoir 913 1n
fluid communication with an inside of the plurality of nanostraws, the reservoir contigured to hold the
biologically relevant cargo. In this example, the detlectable substrate 1s contfigured to detlect between a
first position (shown in FIG. 9A) and a second position (shown in FIG. 9B), further wherein the plurality
of nanostraws extend further into the first flow path 1n the second position than in the first position to at
least partially occlude the tirst tlow path and secure non-adherent cell in the tlow path against one or

more of the plurality of nanostraws.

[0079] FIG. 11 1llustrates a schematic of a closed-loop apparatus, similar to that shown 1n FIGS. 9A-
9B. A closed loop system may refer to the overall worktlow, in which cells 1101 are injected into the
device 1103, transtformed, and returned 1n a sterile container 1105. This may reduce user handling, and
enable higher numbers of cells to be transfected per unit time. In addition, it may allow the apparatus to
be used clinically, where contamination concerns necessitate use of closed-loop devices. For example, the
methods and apparatuses described herein may be used with CAR-T cell reprogramming at a local clinic,

without need for technicians to manually oversee the transtormation process.

[0080] FIGS. 12A-12C illustrate another example of a flow-through apparatus similar to that shown
in FIGS. 9A-9B. In FIGS. 12A-12C, tluidic pressure may be used to push the nanostraws into the cells.
For example, in FIG. 12A, a first tluidic channel 1201 1s connected to an input port and an output port
(not shown). Non-adherent cells 1203 may be tflowed through the channel; the channel may be
configured to permit passage of single cells through the channel (e.g., the diameter of the channel may be
configured to permit just single cells). A displaceable (e.g., tlexible, bendable, movable, etc.) substrate
1205 may be on (and may form) part of the sidewall of the tfirst tluid channel. As described above, the
nanostraws may extend through and out of the substrate and into the first fluidic channel. The back of the
displaceable substrate may be a reservoir, which may be a second fluidic channel, and may include the
cargo (e.g., DNA, RNA, protein, small molecule, etc.). The displacement of the substrate into the
microfluidic channel, as shown in FIG. 12B, may apply a gentle pressure by pressing the nanostraws imto

the cells; releasing the pressure (as shown in FIG. 12C) may allow the cells to tlow away.

[0081] In the example shown in FIGS. 12A-12C, two overlapping channels, one with the cells
flowing through, and the other with the cargo, may be used. Application ot fluidic pressure to the cargo
channel causes the tlexible nanostraw membrane to be pushed up and into the cells, as shown (FIG. 12B).
Electric fields, 1f needed, can be applied through electrodes 1n the channels to both locally electroporate
the cell membrane, and/or to electrophoretically draw cargo into the cell. This second, deflected
configuration may be held for some period of time (e.g., between about 0.5-60 seconds, between about
0.5-30 second, between about 1-20 sec, between about 1-13 seconds, etc.) to allow transter of the cargo

into the cells. After this period, the pressure may be released, and tlow may be 1nitiated in the cell
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channel, sweeping the transtormed cells to the delivery chamber, and bringing new cells into the delivery
region. This can be done on rather large scale, as the DNA and cell culture channels can be designed to be

coincident over a large area.

[0082] A prototype device of this design is shown in Fig 13. This device had two cargo ports, a cell
input port and cell output port. This prototype was used with GFP plasmud (Img/mL cargo) and HEK
cells were 1mnjected using simple syringe pumps. Pressure was generated whenever the cargo pump was
on, and dissipated once 1t was turned off. Three ditferent cargo channel tlow rates were examined to
generate 3 different levels of pressure. These resulted in: no delivery; ~30% transtection and a high

percentage of cells recovery; and complete crushing of the cells, with no recovery.

[0083] As mentioned above, the nanostraws applicable for delivery into non-adherent cells can have
diameters ranging from 10 to 1700 nm and lengths ranging from 0.1-50 um. Their density can be between
about 10* to 10'* nanostraws/cm®. U.S. Patent no. 9,266,725 describes nanostraw geometry, methods of
manufacturing nanostraws, and nanostraw compositions that may be used herein, and are herein
incorporated by reterence in their entirety. Furthermore, any appropriate cargo solution may be used
including a butter in which the cargo should be diluted can cover a wide range ot salt concentrations. The
solution 1n which the cargo 1s diluted can have an 1on concentration ranging from O to 10,000 mmol/L.
For larger cargo such as plasmid and proteins, the highest delivery etficiency may be tound using
0.1xPBS as the bufter to dilute the cargo 1n, regardless of type and strength ot the applied external torce,
and regardless of cell type. For example, FIGS. 14A-14F show various delivery etficiencies ot Cas9

protein into Jurkat cells centrifuged onto 200 x 1200 nm nanostraws.

[0084] In any ot the variations described herein an electric tield, and particularly a varying electric
field, may be used to drive cargo into the cell and/or open the cell to the nanostraw. For example, for
nanostraws of diameters 10-1000 nm and lengths of 0.1 — 50 um, a pulsed electric tield can be applied
over the nanostraws 1 order to aid the delivery ot cargo into the cells. Pulse length from 1 us to 1 s, (e.g.,
between about 10 ps and 500 us, between about 50 us and about 500 us, between about 150 us and about
400 us, about 200 us, etc.) and pulse trequency trom 0.01Hz to 100,000Hz (e.g., between about 0.1 Hz
and about S0kHz, between about 1 Hz and about 1kHz, between about 10 Hz and about 100 Hz, about 10
Hz, about 20 Hz, about 30 Hz, about 40Hz, etc.), a duration of the applied pulses from about 0.01 sec to
10h (e.g., about 0.1 sec to about 1 hour, about 1 sec to about 5 minutes, about 10 sec to about 300 sec,
between about 40 sec to about 180 sec, etc.). The pulsed field can have any profile, including
square/rectangular, sinusoidal, triangular, etc. Static fields might also work for some applications. The
electric tield may enhance the transport of charged species through the nanostraws as well as to help
permeabilize the cellular membrane just above the nanostraws. The etfticiency of the electric field have so
far found to be agnostic to the cell types; and exemplary parameters may include a pulse tramn of 15-25 V,
for 150-300 us, at 30-50 Hz, for 80-120 sec duration. In some variations, higher voltage can give higher

transtection etfficiency, but may lower the cell viability.

[0085] Also described herein are variations in which magnetic particles (e.g., beads) are used, by

associating with the non-adherent cell and responding to an externally applied magnetic field to drive the
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cells associated with the magnetic particles (e.g., beads) into the nanostraws. For example, non-adherent
cells may be treated with cyto-protective starch-coated magnetic nanoparticles (MNPs) tor magneto-
mechanical modulation with nanostraw electroporation (NES). In any of these examples, the MNPs may
be added 1n suspension with the cells and may be taken up by the cells and/or may bind to the outside ot
the cells. In some variations a crosslinking/binding agent (such as an antibody) may be used to associate
cells, mncluding specitic cell types from a large pool ot different cell types, with magnetic beads so that
they may be driven into the nanostraws. As illustrated in FIGS. 16A-16C, the use of magnetic beads in
this manner does not reduce the cell viability. For example, FIG. 16A shows that cells exposed to various
concentrations of magnetic beads showed similar cell viability and proliferation as control cells. In
addition, calcium signals (acute and chronic) were nearly the same across all the ditferent methods. NES
with magnet-mechanical modulation generated minimal cellular stresses and unintended perturbations on
gene regulations while achieving the highest transtection etfficiency and cell viability. Interestingly, actin
perturbations using MNPs also promoted membrane resealing after nanostraw electroporation which

minimized cell stresses from excessive calcium influx.

[0086] FIG. 16A illustrates the cytotoxicity (or lack thereof) of a variety of different starch- and
PEG-coated MNPs that had already been incubated with conditioned media tor 24 hr. betore subsequent
incubation with Jurkat cells tor another 24 hr. 1 uL/mL and 5 uL/mL of either MNPs were incubated with
Jurkat cells with and without stimulation using magnets with field strength of 150 mT, 373 mT and 450
mT previously characterized with a Hall magnetometer. In 1 uL/mL MNP-solution, there were 2.5 x 10
MNPs. Across all the conditions, 1 uLL/mL of starch-coated MNPs was the least cytotoxic, as shown 1n
FIG. 16A. Similar results were obtained by monitoring cell proliferation over 4 days tfollowing the
addition of MNPs with NES, as shown 1n FIG. 16B. There were no statistical differences 1n the
proliferation between cells 1n control and conditions with 1 uL/mL of starch-coated MNPs. Other
conditions, including only NES, resulted in longer proliteration time, suggesting that starch-coated MNPs
are biocompatible and could offer cyto-protective ettects. 1 uL/mL of starch-coated MNPs with the 450

mT magnet were used.

[0087] In some variations, a 450 mT magnet was placed under NES (30 V, 2 min) during
transfection. The magnet provided a maximum magnetic force (Fmaximag) 0f 19.0 pN/cell. This mechanism
1s different from that of magneto-transtection where cargo-bound MNP and cell-seeded magnetic plates
are used tor longer time, typically overnight. To confirm this, a fluorescent reporter plasmid was added
with MNP/magnetic stimulation, but no tluorescent (GFP+) cell was identitied. A set-up with a static
magnet field below the NES signiticantly enhanced the net transtection etticiencies from 12.8% to ~30%.
Thus, 1n any of the methods described herein, a static magnetic field may be used. As shown in FIG.
16C, a low frequency alternating magnetic field (to avoid generating heat) did not turther enhance
transtection etficiencies (e.g., by increasing on/oft deformations of the cell membrane through

membrane-bound MNPs). FIGS. 16D-16G show that ~30% of Jurkat cells were transfected with the

fluorescent-protein reporter plasmid with the nanostraw electroporation-static magnetic tield system.
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[0088] Any of the nanostraw structures described herein may be part of an apparatus (e.g., device,
system, etc.), including deices tor transtecting or moditying cells. Any of the methods (including user
interfaces) described herein may be implemented as sotftware, hardware or firmware, and may be
described as a non-transitory computer-readable storage medium storing a set of instructions capable of
being executed by a processor (e.g., computer, tablet, smartphone, etc.), that when executed by the
processor causes the processor to control pertorm any of the steps, including but not limited to:
displaying, communicating with the user, analyzing, moditying parameters (including timing, frequency,
intensity, etc.), determining, alerting, or the like.

[0089] When a feature or element 1s herein referred to as being "on" another feature or element, it
can be directly on the other feature or element or intervening features and/or elements may also be
present. In contrast, when a feature or element 1s referred to as being "directly on" another feature or
element, there are no intervening features or elements present. It will also be understood that, when a
feature or element 1s reterred to as being "connected”, "attached” or "coupled” to another feature or
element, 1t can be directly connected, attached or coupled to the other tfeature or element or intervening
features or elements may be present. In contrast, when a feature or element 1s referred to as being
"directly connected”, "directly attached” or "directly coupled” to another feature or element, there are no
intervening features or elements present. Although described or shown with respect to one embodiment,
the features and elements so described or shown can apply to other embodiments. It will also be
appreciated by those of skill 1n the art that references to a structure or tfeature that 1s disposed "adjacent”

another feature may have portions that overlap or underlie the adjacent feature.

[0090] Terminology used herein 1s for the purpose ot describing particular embodiments only and 1s
not mtended to be limiting of the invention. For example, as used herein, the singular forms "a", "an" and
"the"” are intended to imclude the plural forms as well, unless the context clearly indicates otherwise. It
will be turther understood that the terms "comprises” and/or "comprising,” when used 1n this
specification, specity the presence of stated features, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other features, steps, operations, elements,

components, and/or groups thereot. As used herein, the term "and/or" includes any and all combinations

of one or more of the associated listed items and may be abbreviated as "/".

[0091 ] Spatially relative terms, such as "under”, "below”, "lower”, "over"”, "upper" and the like, may
be used herein tor ease of description to describe one element or feature's relationship to another
element(s) or feature(s) as illustrated mn the figures. It will be understood that the spatially relative terms
are mtended to encompass different orientations of the device i use or operation in addition to the
orientation depicted in the figures. For example, 1f a device 1n the figures 1s inverted, elements described
as 'under’ or "beneath” other elements or features would then be oriented "over" the other elements or
features. Thus, the exemplary term "under” can encompass both an orientation of over and under. The
device may be otherwise oriented (rotated 90 degrees or at other orientations) and the spatially relative

descriptors used herein imterpreted accordingly. Similarly, the terms "upwardly”, "downwardly",
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‘vertical”, "horizontal” and the like are used herein tor the purpose of explanation only unless specitfically

indicated otherwise.

[0092] Although the terms “first” and “second” may be used herein to describe various
features/elements (including steps), these teatures/elements should not be limited by these terms, unless
the context indicates otherwise. These terms may be used to distinguish one feature/element from another
feature/element. Thus, a first feature/element discussed below could be termed a second feature/element,
and similarly, a second feature/element discussed below could be termed a first feature/element without

departing from the teachings ot the present invention.

[0093] Throughout this speciftication and the claims which follow, unless the context requires
otherwise, the word ““‘comprise”, and variations such as “comprises’ and ““‘comprising’’ means various
components can be co-jointly employed 1n the methods and articles (e.g., compositions and apparatuses
including device and methods). For example, the term “comprising” will be understood to imply the

inclusion ot any stated elements or steps but not the exclusion of any other elements or steps.

[0094] In general, any of the apparatuses and methods described herein should be understood to be
inclusive, but all or a sub-set of the components and/or steps may alternatively be exclusive, and may be
expressed as “‘consisting of” or alternatively “consisting essentially of” the various components, steps,

sub-components or sub-steps.

[0093] As used herein in the specification and claims, including as used in the examples and unless
otherwise expressly specified, all numbers may be read as if pretaced by the word "about” or
“approximately,” even if the term does not expressly appear. The phrase “about” or “approximately’” may
be used when describing magnitude and/or position to indicate that the value and/or position described 1s
within a reasonable expected range of values and/or positions. For example, a numeric value may have a
value that 1s +/- 0.1% of the stated value (or range of values), +/- 1% of the stated value (or range ot
values), +/- 2% of the stated value (or range of values), +/- 5% of the stated value (or range ot values), +/-
10% of the stated value (or range of values), etc. Any numerical values given herein should also be
understood to iclude about or approximately that value, unless the context indicates otherwise. For
example, 1f the value "10" 1s disclosed, then "about 10" 1s also disclosed. Any numerical range recited
herein 1s intended to include all sub-ranges subsumed therein. It 1s also understood that when a value 1s
disclosed that "less than or equal to" the value, "greater than or equal to the value” and possible ranges
between values are also disclosed, as appropriately understood by the skilled artisan. For example, if the
value "X" 1s disclosed the "less than or equal to X" as well as "greater than or equal to X" (e.g., where X
1s a numerical value) 1s also disclosed. It 1s also understood that the throughout the application, data 1s
provided 1n a number of different formats, and that this data, represents endpoints and starting points, and
ranges for any combination of the data points. For example, 1f a particular data point 10 and a particular
data point 135" are disclosed, it 1s understood that greater than, greater than or equal to, less than, less
than or equal to, and equal to 10 and 15 are considered disclosed as well as between 10 and 135. It 1s also

understood that each unit between two particular units are also disclosed. For example, 1t 10 and 135 are

disclosed, then 11, 12, 13, and 14 are also disclosed.
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[0096] Although various illustrative embodiments are described above, any of a number of changes
may be made to various embodiments without departing from the scope ot the invention as described by
the claims. For example, the order in which various described method steps are pertormed may often be
changed 1n alternative embodiments, and in other alternative embodiments one or more method steps may
be skipped altogether. Optional features of various device and system embodiments may be included in
some embodiments and not in others. Theretore, the toregoing description 1s provided primarily tor
exemplary purposes and should not be interpreted to limit the scope of the invention as it 1s set forth in

the claims.

[0097] The examples and illustrations included herein show, by way of illustration and not of
limitation, specific embodiments in which the subject matter may be practiced. As mentioned, other
embodiments may be utilized and derived there trom, such that structural and logical substitutions and
changes may be made without departing from the scope of this disclosure. Such embodiments of the
inventive subject matter may be reterred to herein individually or collectively by the term “invention™
merely for convenience and without intending to voluntarily limit the scope of this application to any
single invention or inventive concept, if more than one 1s, 1n fact, disclosed. Thus, although specitic
embodiments have been 1llustrated and described herein, any arrangement calculated to achieve the same
purpose may be substituted tor the specitic embodiments shown. This disclosure 1s intended to cover any
and all adaptations or variations of various embodiments. Combinations of the above embodiments, and
other embodiments not specifically described herein, will be apparent to those of skill in the art upon

reviewing the above description.
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CLAIMS

1. Anexvivo method of delivering a biologically relevant cargo into non-adherent cells,

the method comprising:

applying an external force to drive a suspension of cells into contact with a plurality
of nanostraws, wherein the plurality of nanostraws extend through a substrate and a distance
beyond the substrate that is between 2 nm and 50 um, further wherein the plurality of
nanostraws are hollow and have an inner diameter of between 5 nm-1500 nm; and

driving the cargo from the nanostraws into an intracellular volume of the cells so that
at least 20% of the cells take up the biologically relevant cargo.

2. The method of claim 1, wherein applying the external force comprises moving the
nanostraws to contact the cells.

3. The method of claim 1, wherein applying the external force comprises centrifuging the
suspension of cells to drive the cells into contact with the plurality of nano straws.

4. The method of claim 1, further comprising incorporating magnetic particles on or in the
cells, and wherein applying the external force comprises applying a magnetic field to drive

the suspension of cells into contact with the plurality of nanostraws.

5. The method of claim 1, wherein driving the cargo comprises applying a pulsed electrical
field.

6. The method of claim 1, wherein the cargo comprises one or more of: nucleic acids or
proteins.

7. The method of claim 1, further comprising separating the cells from the nanostraws.

8. The method of claim 7, wherein separating the cells from the nanostraws comprises
flowing a solution over the cells.

9. The method of claim 7, wherein separating the cells from the nanostraws comprises
reversing the force applied to drive the suspension of cells into contact with the nanostraws.

10. The method of claim 1, wherein the nanostraws are in fluidic communication with a
fluidic passage connected to a reservoir of biologically relevant cargo.

11. The method of claim 1, wherein the suspension of cells comprise a suspension of plant
cells.

12. The method of claim 1, wherein the substrate comprises a porous structure.
13. An ex vivo method of delivering a biologically relevant cargo into non-adherent cells,
the method comprising:

applying an external force to drive a suspension of cells into contact with a plurality
of nanostraws, wherein the plurality of nanostraws extend through a porous structure and a
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distance beyond the porous structure that is between 2 nm and 50 um, further wherein the
plurality of nanostraws are hollow and have an inner diameter of between 5 nm-1500 nm;
applying a pulsed electrical field to drive the cargo from the nanostraws into an

intracellular volume of the cells so that at least 25% of the cells take up the biologically
relevant cargo; and

separating the cells from the nanostraws.
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