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Figure 2. (a) Schematic of a nanofountain probe (NFP) chip packaging unit. (b, ) Optimal shapes of NFP tips for surface
nanopatterning and single-cell electroporation, respectively. In (b), the tip has a protruded core structure to achieve ultrahigh
resolution during surface nanopatterning, whereas in (c), the core structure is embedded within the shell structure to ensure
electrical sealing between the probe and cell only with gentle contact. With efficient electrical sealing, electrical current through
the gap between NFP and cell significantly decreases as the probe approaches to the target cell. Such a sudden change in electrical
response of NFP electroporation (NFP-E) is used to detect the onset of probe-cell contact for automated NFP-E. (d) Bilevel input

signal used for NFP-E.
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Figure 3. Example of the experimental setup required for
surface patterning or intercellular delivery by nanofountain
probe electroporation (NFP-E). For position control, a three-
dimensional nanomanipulator with a custom-made NFP
mounting arm is positioned over an inverted fluorescent
microscope. The inset (lower left) shows a magnified view of the
packaged NFP mounted on the manipulator arm and connected
to the microtubing of the external fluidic pump. The electric
pulses are applied using a function generator.

displacement of the probes is controlled with 40 nm step
size resolution. Once the probes are positioned, the electric
potential is applied between the two Ag/AgCl electrodes:
one inserted in the packaging and the other submerged in
the conductive cell culture media on the sample plate (Fig.
2a). The external signal is generated by a pulse generator
(DS345; Standard Research Systems, Sunnyvale, CA),
amplified by a voltage amplifier (OPA445; Texas Instruments,
Dallas, TX) and monitored using an oscilloscope (9384L;
LeCroy, Chestnut Ridge, NY). The detailed protocol for
NFP-E is described in the section NFP-E for Single-Cell
Intercellular Delivery.

Biological Applications of NFP

Surface Patterning of Biomolecules

Patterning of biological materials on a substrate is fre-
quently used in biological studies for preparing protein and
antibody microarrays used for multiplexed analysis of bio-
logical samples.***' AFM-based surface-patterning tech-
nologies including NFP and dip-pen nanolithography are
suitable for creating such biomolecular micro- and nanoar-
rays with orders of magnitude higher pattering resolution
than any other alternative method (e.g., robotic spotting or
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Figure 4. Surface patterning using an atomic force microscopy—
controlled nanofountain probe (NFP) to deposit ferritin protein
on a silicon dioxide substrate by parallel deposition from the
multiple NFP probes on the chip. (a) Optical image of 10 x 20
arrays of ferritin. (b, c) Magnified view of the areas denoted as
A and B in (a), respectively.

photolithographic-based techniques).”’**** In particular,
NFP offers an attractive advantage for continuous surface
pattering by directly delivering the biomolecular solution
from a microreservoir to the probe through the built-in
microchannels.”!

Figure 4 displays parallel surface patterning of ferritin
protein arrays on silicon dioxide using the NFP mounted on
an AFM. To achieve sub—100 nm resolution pattering, NFPs
with the core-shell structure with protrusion (type 1) were
used. High-throughput 10 x 20 arrays of ferritin protein
dots with nanoscale resolution were achieved by imple-
menting simultaneous deposition with the multiple probes
on the NFP chip in parallel. We observed some variation in
the size of patterns and found that such variation strongly

Figure 5. (a) Schematic of in-liquid patterning to dispense a
biomolecular solution onto a functionalized glass surface under
another liquid environment. (b) Bright-field and (c) fluorescence
images, respectively, of fluorophore-labeled streptavidin
deposited on biotin-coated glass under mineral oil. See also
Supplemental Movie I.

depends on two key parameters: (1) variations in tip shape
and (2) differences in applied force between tip and sub-
strate. A detailed protocol for AFM-based surface pattern-
ing is discussed in the Methods section.

Surface Patterning in Liquid

Figure 5 shows a schematic and demonstration of in-liquid
patterning using the packaged NFP system (see the Methods
section for the surface preparation protocol). For visualiza-
tion of the liquid dispensing, we used mineral oil as the
medium and deposited droplets of fluorophore-labeled
streptavidin in a water solution onto a biotin-coated glass
surface. The bond formed between the streptavidin and bio-
tin secured the fluorophore to the surface even after removal
of the oil media, as shown in Figure 5b and Se. It is worth
mentioning that when we dispensed the water droplet on a
bare glass surface under the mineral oil environment using
a manual micromanipulator, we observed a decrease in the
drop size over time. We also performed similar experiments
under phosphate-buffered saline (PBS). Although we
achieved protein patterning under PBS, we found that the
biomolecular solution mixes with the PBS and makes it
challenging to maintain a sufficiently high localized con-
centration of the biomolecules at the probe tip for precise
patterning.

NFP-E for Single-Cell Intercellular Delivery

Electroporation of a cell is a multistep process that includes
membrane charging, formation of nanopores, delivery of
molecules, and recovery (closure) of nanopores.** Membrane
charging occurs until the transmembrane potential reaches a
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Figure 6. (a) The protocol for nanofountain probe electroporation (NFP-E; also see Supplemental Movie 2): (i) alignment of
probe position over a target cell, (ii) approach of the NFP probe to contact the cell, (iii) application of desired external input potential,
and (iv) retraction of the NFP probe. (b) Diagram of the electrical circuit for NFP-E. During step (ii), a measurement of the resistance
of the NFP-E circuit can be used to detect the onset of probe-cell contact.

certain critical threshold, 0.2 to 1 V,* which triggers the onset
of nanopore formation on the cell membrane. The character-
istic time for pore size evolution is on the order of millisec-
onds and is driven by energy minimization of the whole cell
membrane.** Delivery of biomolecules into a target cell
occurs through the temporary nanopores by diffusion or elec-
trophoretic forces.”® After the electric pulse is turned off, the
cell membrane discharges through the existing pores and the
transmembrane potential returns to zero. Consequently, the
pores shrink to the minimum energy state and finally reseal
the membrane in the order of seconds.”*** The electropora-
tion process is dependent on amplitude and frequency of the
input voltage (e.g., theoretical models predict that the number
of nanopores formed increases with the strength of the
applied pulse).**** Although the experimental results pre-
sented next were generated using a single cantilever probe,
each cantilever is electrically independent so that parallel
single-cell electroporation is possible with this NFP design.

Indeed, we have successfully delivered a fluorophore into
two adjacent cells simultaneously.

The packaged NFP can be used to deliver molecules in
liquid solution to cells with single-cell selectivity and quali-
tative dosage control according to the following procedure.
Using an inverted microscope and nanomanipulator, a pre-
viously filled NFP probe is optically aligned over a target
cell adhered to a glass-bottom petri dish placed on the
microscope stage (Fig. 6a). The probe is then brought down
to make gentle contact between the probe and cell. Gentle
contact is critical to minimize mechanical stress placed on a
cell and can be achieved via optical observation or electrical
measurement of the NFP-E circuit (Fig. 6b). The detailed
strategy to detect probe-cell contact based on a resistance
measurement was previously reported.”® Once the probe is
positioned in contact with the cell, the electric field is
applied to the target cell to trigger formation of nanopores
in the cell membrane. Previous parametric studies and
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Figure 7. Demonstration of single-cell nanofountain probe
electroporation of Hela cells transfected with 3 kD dextran—
Alexa Fluor 488. (a) Bright-field image of a population of Hela
cells before electroporation. (b) Corresponding fluorescence
image of target cells in (a) after electroporation.

theoretical analysis revealed that the major potential drop
occurs through the NFP microchannels, and therefore, an
input voltage of 15 to 30 V provides the critical transmem-
brane potential drop (0.2~1 V) at the NFP tip.** The solution
in the NFP microchannel will diffuse into the nanopores and
enter the cell, the amount of which can be qualitatively con-
trolled by the duration of the electric pulses. The small
opening of the NFP tip creates a highly focused electrical
field that is localized to a small region of the cell mem-
brane, and therefore, the majority of the cell membrane
remains intact during NFP-E. This gentle contact and local-
ized electrical field result in ultrahigh cell viability (>92%)
of electroporated cells using NFP-E.**

Figure 7 shows delivery of a 1 mg/mL solution of
3000 MW fluorophore-labeled dextran (Alexa Fluor 488) in
water into several target HeLa cells using NFP-E. (The
detailed procedure for cell culture is described in the Methods
section.) These experiments were performed with applied
voltages of 15 to 30 V and bilevel square wave signals of
200 Hz (Fig. 2d). Each pulse train duration was 1 s and was
separated by a 1 s interval. The ratio of V_/V was 0.375 with
a=1ms and b =3 ms. No transfection of the dextran mole-
cules was observed at lower voltages (<7 V), whereas damage
to the target cells was observed at higher voltages (40—-60
V).® Note that the fluorophore was delivered only to the tar-
geted cells (cell A-D), and the neighboring cells were not

affected. Moreover, no extraneous fluorescence is observed
in the region of the electroporated cells, indicating that the
amount of solution released from the microchannel is local-
ized to the electroporated region of the cell in contact with the
probe tip. These results confirm that the electric field is
focused to the tip of the probe and that the probe provides
localized exposure to the solution in the NFP, both features
that are essential for single-cell selectivity of NFP-E. The
electroporated cells in Figure 7 exhibited consistent fluores-
cence intensity 4 h after NFP-E, and viability tests using
propidium iodide confirmed that the cells were viable.”®

Discussion

The NFP is a useful tool for biological applications because
the coupled packaging design described here creates a
closed fluidic system that is compatible with either a manip-
ulator or an AFM, allowing a user the flexibility to use the
advantages of their platform depending on the desired
application. Examples of the utility of the packaged NFP
include the following: (1) parallel patterning of biomole-
cules such as proteins, (2) in-liquid surface patterning, and
(3) delivery of biomolecules in solution into targeted single
cells via localized electroporation.

The continuous flow, direct write, parallel probes, and
closed system are ideal for patterning of biomolecules in
liquid solution. Virtually any type of pattern and geometry
can be created simply by programming the pattern of the
scanner used for position control. Feature size can be con-
trolled by dwell time on the surface or, for in-liquid surface
pattering, by external pressure of the solution through the
NFP. In-liquid patterning is particularly useful for prevent-
ing protein denaturing due to drying'*” and is an alternative
to other probe-based patterning methods such as dip-pen
nanolithography,'> which is predominantly performed in
ambient condition.

For single-cell electroporation, the NFP-E system has
unprecedented capabilities for targeted transfection such as
single-cell selectivity, high transfection efficiency, qualitative
dosage control, and ultrahigh cell viability.® Recent research
applications of the NFP-E system have proven that it is capable
of transfecting cells with large biomolecules including 70 kDa
bovine serum albumin (BSA), 20 kDa GAPDH-target DNA
hairpin, and 2 MDa plasmid DNA.*® These results reveal that
the NFP-E technique is an efficient method for transfecting
cells with molecules of various sizes and charges while main-
taining high cell viability. In addition, we observed that BSA
could be delivered to the cytoplasm or directly into the nucleus
by positioning the probe away from or on top of the nucleus,
respectively. This localized transfection could be used to study
trafficking or other spatially dependent cell responses after
introduction of a molecule into cells. Currently, we are work-
ing to increase the throughput of NFP-E by implementing pro-
tein patterning for cell adhesion and/or microwells for cell
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alignment coupled with automated cell-probe contact detec-
tion based on a resistance measurement. In addition, the stiff-
ness of the NFP cantilevers will be reduced to minimize
damage to cells during array operation and enable parallel
single-cell electroporation. Parallel operation and automation
will greatly increase the throughput and robustness of the
NFP-E system and make it an extremely useful new biotool for
applications such as single-cell research studies, drug-screen-
ing assays, cell line development, and stem cell reprogram-
ming/differentiation.

Methods

Protocol for NFP Packaging

For packaging of an NFP chip (Fig. 1d), a fabricated polycar-
bonate packaging unit designed specifically for use with an
NFP chip (5.0 x 4.4 x 1.6 mm) is cleaned with isopropyl alco-
hol and deionized water to remove any residue and particles on
its surface. The cleaned packaging unit is glued onto a metallic
AFM chip carrier using epoxy glue (Fig. 2a). For simple and
repeatable assembly, the polycarbonate unit has a groove that
matches the dimensions of an NFP chip. The NFP chip is
mounted into the groove under an optical microscope and
bonded to the polycarbonate unit on the back side of the NFP
chip with glue (Cemedine Super-X 8008). The groove is also
designed to align the on-chip microreservoir with the fluid
channel through the polycarbonate unit. There is no need for
precise alignment of the NFP chip and polycarbonate unit
because the fluid channel is 800 um in diameter, which is five
times larger than the diameter of the microreservoir on the NFP
chip (160 um), so a slight misalignment is compensated.
Plastic tubing (ID = 350 um and OD = 800 pwm) with an
inserted Ag/AgCl wire (diameter = 200 pm) is then pushed
into a built-in channel on the packaging unit that connects to
the microreservoirs of the NFP chip and is fixed by epoxy. As
shown in Figure 2a, the plastic tubing is connected to a fluid
pump and electrical input via a T-junction to apply external
flow pressure and electrical input signal, respectively.

After packaging, the biomolecule solution is loaded into
the tubing using a 100 pL syringe (Hamilton), and the pack-
aged NFP is mounted on the desired platform (i.e., a nanoma-
nipulator; Fig. 3). External pressure from a pump is applied
through the tubing to feed the solution through the tubing,
into the microreserviors, and the microchannels. For high-
resolution surface pattering in liquid, a pump that allows
pressure as low as 1 hPa (0.1 kPa) will facilitate flow control
of several fL/s. Alternatively, for NFP-E, the tubing can be
connected to a simple syringe pump because flow control is
needed only to accelerate the microchannel wetting process.

To prevent waste and background fluorescence in our
sample media (if applicable), we cease applying pressure
immediately after completion of microchannel wetting by
monitoring the wetting process via optical observation and

electrical measurement. For example, see Figure 1¢, which
shows a bright-field and fluorescence merged image of NFP
microchannels being wetted with a fluorophore-labeled
dextran solution (Alexa Flour 488; Molecular Probes,
Carlsbad, CA). In addition to the optical observation, com-
pletion of the microchannel wetting in the NFP-E experi-
mental setup forms a closed electrical circuit between the
two Ag/AgCl wires (Fig. 2a); therefore, a sudden change in
the electrical response from open circuit to 10 to 20
MQ  can be measured in conductive media.

AFM-Based Surface Patterning

A 0.14 mg/mL solution of ferritin protein in 80:20 water/
glycerol (v/v) was loaded in the microreservoir, and wetting
of the microchannels from the reservoir to the tips was con-
firmed by observing the displacement of the meniscus in
the microchannels under an optical microscope. The filled
NFP was then mounted in an AFM (Dimension 3100;
DI Instruments), and the probes were engaged on the sub-
strate after aligning the photodetector laser on a single canti-
lever. Arrays of ferritin dots were patterned on a silicon
substrate with a 200 nm thermal oxide layer under ambient
conditions (25 °C and 30-35% relative humidity). The pat-
terned substrates were characterized by AFM tapping mode
imaging with silicon AFM tips (TAP300AI-G 300 kHz;
Budgetsensors, Sofia, Bulgarai).

In-Liquid Pattering

To functionalize the glass substrate for in-liquid patterning,
glass slides were cleaned in piranha solution, rinsed with nano-
pure deionized water, and dried under a stream of argon. The
surface of the glass slides was activated by silanization in a
tank containing a solution of 3-aminopropyltriethoxysilane
(APTS) in ethanol 190 (EtOH:1%HCLAPTS of 98.8:1:0.2
v/v) for 90 min at room temperature. Biotin functionalization
was completed by forming an amide bond between the NH,
group on the modified coverslip and the NHS ester ofa PEG_
derivative. A solution of 1.25 mg/mL NHS-PEG_ -Biotin
dissolved in 100 mM carbonate buffer at pH 8.25 was pre-
pared, and 100 pL of the active ester solution was deposited on
each modified glass slide and covered immediately with
another slide and incubated for 3 h at room temperature. The
derivatized glass slides were washed with carbonate buffer
solution and nanopure deionized water and then dried under a
stream of air and used immediately. For patterning, the NFPs
were filled with a solution of 20 uM FITC-streptavidin
(Invitrogen, Molecular Probes) in HEPES buffer.

Cell Culture and Sample Preparation

HeLa cells (American Type Culture Collection; ATCC
#CCL-2) were cultured in DMEM (Sigma, St., Louis, MO)
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with L-glutamine and phenol red as pH indicator, supple-
mented with 10% fetal bovine serum (Sigma) and 1X penicil-
lin/streptomycin (Sigma). The cultured cells were maintained
in a humidified incubator at 37 °C and 5% CO,. For electro-
poration experiments, the cells were plated the day before the
experiment on a glass-bottom petri dish and incubated in
DMEM media. On the day of the experiment, the petri dish
with plated cells was rinsed multiple times with DMEM,
without phenol red to avoid autofluorescence during imag-
ing, and then filled with DMEM to keep the cells submerged
in media throughout the electroporation experiments. The
petri dish was then placed on an inverted optical microscope
stage and imaged before and after electroporation.
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