nature
nanotechnology

ARTICLES

PUBLISHED ONLINE: 16 OCTOBER 2011 | DOI: 10.1038/NNANO.2011.164

Nanochannel electroporation delivers precise
amounts of biomolecules into living cells

Pouyan E. Boukany'?, Andrew Morss'3, Wei-ching Liao"#, Brian Henslee'?, HyunChul Jung?®,
Xulang Zhang', Bo Yu'?, Xinmei Wang', Yun WU/, Lei Li', Keliang Gao', Xin Hu', Xi Zhao'?,
O. Hemminger'?, Wu Lu'>, Gregory P. Lafyatis'® and L. James Lee'?*

Many transfection techniques can deliver biomolecules into cells, but the dose cannot be controlled precisely. Delivering
well-defined amounts of materials into cells is important for various biological studies and therapeutic applications. Here,
we show that nanochannel electroporation can deliver precise amounts of a variety of transfection agents into living cells.
The device consists of two microchannels connected by a nanochannel. The cell to be transfected is positioned in one
microchannel using optical tweezers, and the transfection agent is located in the second microchannel. Delivering a voltage
pulse between the microchannels produces an intense electric field over a very small area on the cell membrane, allowing
a precise amount of transfection agent to be electrophoretically driven through the nanochannel, the cell membrane and
into the cell cytoplasm, without affecting cell viability. Dose control is achieved by adjusting the duration and number of

pulses. The nanochannel electroporation device is expected to have high-throughput delivery applications.

including viral vectors'?, chemical methods® (for example,

complexes with lipids, calcium phosphate, polycations or
basic proteins) and physical methods (such as particle bombard-
ment, micro-injection and electroporation)*®. Except for micro-
injection®”, these techniques are based on bulk stochastic processes
in which cells are transfected randomly by a large number of genes
(>1 x 10® per cell)®. A disadvantage of such methods is that the
injected dose cannot be controlled.

Bulk electroporation (BEP) is the most widely used physical
method for transfecting cells because of its technical simplicity, fast
delivery and almost no limitation on cell type and size’~13. Recently,
microfluidics-based electroporation (MEP) has emerged as a new
technology that has been developed by a number of researchers!42°
for individual cell transfection. In MEP, a cell is usually located
next to a small aperture (with dimensions of a few micrometres)
that focuses the porating electric field to a corresponding area on
the cell membrane. MEP offers several important advantages over
BEP, including lower poration voltages, better transfection efficiency
and a sharp reduction in cell mortality. However, the MEP delivery
mechanisms are similar to that in BEP?!-2—both processes are dif-
fusion dominated and, for large transfection agents such as nucleic
acids or quantum dots, entry into the cytosol is effected through an
attachment onto the outside of the cell membrane followed by an
endocytosis-like process. Precise dose control has not been demon-
strated using either BEP or MEP. In contrast, nanochannel electro-
poration (NEP) exposes an extremely small area of a cell
membrane positioned adjacent to a nanochannel to very large local
electric field strengths. In this Article, we show that in an NEP
device, transfection agents are electrophoretically driven directly
into the cell cytosol during poration, with negligible diffusion after
poration, and precise dose control is achieved with practically no
cell mortality.

Q variety of cell transfection techniques have been developed,

The NEP system

The basic element of NEP comprises two microchannels connected
by a nanochannel (diameter &~ 90 nm in this study) (Fig. 1). The cell
to be transfected is positioned in one microchannel to lie against the
nanochannel, and the other microchannel is filled with the agent to
be delivered. This unique microchannel-nanochannel-microchan-
nel design enables the precise placement of individual cells. One
or more voltage pulses lasting milliseconds is delivered between
the two microchannels, causing transfection. Dose control is
achieved by adjusting the duration and number of pulses.
Alternatively, the voltage and/or agent concentration can
be changed.

We recently developed a simple and low-cost DNA combing and
imprinting (DCI) method that can be used to form a sealed array of
laterally ordered nanochannels interconnected to microchannels
with controllable sizes and rounded shape over arbitrarily large
surface areas®® (Fig. la). In this study, a DNA-in-buffer was
‘combed’ to produce an array of stretched DNA nanostrands on a
microridge-patterned polymer stamp (Fig. la). The stamp was
then sputter-coated with gold. The gold-coated DNA strands act
as templates for the nanochannels, with the nanochannel diameter
being determined by the thickness of the gold coating. The stamp
was placed face down on a silanized glass substrate and imprinted
by a low-viscosity resin. After curing the resin, the stamp was
peeled off the slide, leaving behind an array of microchannels con-
nected by gold-coated DNA nanostrands. The slide was soaked in
gold etchant and then rinsed with deionized (DI) water, leaving
behind embedded nanochannels connecting the microchannels.
Fabrication details are given in the Methods. Associated micro-
and macroscale inlets/outlets were also formed in the fabrication
process. Each of the two rows of microchannels led to a reservoir
into which cells and the transfection material were loaded, respect-
ively. An electrode was placed in each reservoir to carry out
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Figure 1| Apparatus and operation of the NEP device. a, Top: SEM image of a DNA nanostrand (arrow) ‘combed’ across two PDMS ‘microridges’. Bottom:
schematic showing the fabrication of the NEP chip by DCI. b, Left: schematic of an NEP chip covered by a PDMS lid with electrodes placed in reservoirs.
Middle: optical micrograph of a Jurkat cell in the left microchannel and positioned at the tip of the nanochannel using optical tweezers. The right
microchannel contains gene or drugs. Right: SEM image of side view cut of a nanochannel. The nanochannel is ~90 nm in diameter and ~3 pm long.

transfection, with voltage pulses varying between 150 and 350V,
depending on the need (Fig. 1b).

An optical tweezers system was connected to our NEP construct.
This was used to manipulate a selected cell inside a microchannel
and position the cell at the tip of the nanochannel where it
would stick. The optical tweezers was moved off the cell
before electroporation.

Figure 2a (left) compares NEP transfection using BEP and MEP
of K562 cells using propidium iodide (PI) dye. Poration can be
identified by cell uptake of the PI dye and subsequent fluorescent
signal. For BEP, a single 10 ms pulse with an electric field strength
of 70 Vmm ™' was used. A gradual increase of PI fluorescence
(time, ~150 s) was observed (Supplementary Movie S1, Fig. 2b,c),
indicating that diffusion after poration is the dominant mechanism
for PI transfer. A similar time evolution was observed for electro-
poration with an MEP device (Supplementary Movie S2, Fig. 2).
In contrast, significant acceleration of dye was observed in NEP
during poration (Supplementary Movie S3, Fig. 2b,c). After only
30 ms, a strong fluorescent signal was observed in the middle of
the cell. Within 2.3 s, the entire cell turned bright. Theoretical analy-
sis shows that a high velocity is reached by molecules in the nano-
channel, allowing them to be delivered into the cell during poration
by alocalized and focused electric field inducing strong electrophor-
esis (see the table in Fig. 2a). Such a unique feature allows precise
delivery of charged reagents into small cells.

Examples of delivery and dosage control

To show dosage control with NEP, Jurkat cells (diameter &~ 15 m)
were transfected with an 18-mer oligodeoxynucleotide (ODN,
G3139) conjugated with Cy3 to allow fluorescent detection. NEP
was carried out using a single 220 V/2 mm pulse of varying dur-
ations, and the fluorescence signal from ODN uptake was measured
(summarized in Fig. 3a; see also Supplementary Movie S4). The
amount of ODN transfected is a monotonic function of pulse dur-
ation and is near-linear from 5 to 20 ms. A similar dose versus pulse
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length dependence was also seen for leukaemia-patient cells as small
as 8 um in diameter (Supplementary Fig. S13). Two tests were
carried out to investigate the repeatability of NEP. Five cells were
simultaneously transfected in an NEP array. Next, another five
cells were individually transfected using identical NEP settings
(Fig. 3b). The cell-to-cell variation in the amount of ODN delivered
was +10% and +12%, respectively.

In a second example, the delivery of a GAPDH molecular beacon
(MB) by NEP was investigated. GAPDH-MB is a messenger RNA
(mRNA) probe with a fluorophore at one end and a quencher at
the other end of a stem-hairpin structure (Fig. 3c)*”*%. After hybrid-
ization with complementary targets, the fluorescence is restored by
separating the fluorophore and the quencher, allowing real-time
expression and localization of specific mRNA inside the living
cells. Figure 3d shows that successful delivery of GAPDH-MB
resulted in red fluorescence inside a cell. A mismatch-MB probe
(scrambled) was also transferred as negative control to confirm
the selectivity of the MB. Figure 3e summarizes the fluorescence
intensity inside the cells at different conditions. The plateau of the
GAPDH-MB signal with a long enough pulse length or multiple
pulses indicates that all GAPDH in the cell has been detected. As
NEP quickly delivers probes into the cell, time-dependent fouling
of MB is avoided?’.

We next used the dosage control capability of NEP to study the
transfection of K562 cancer cells with siRNA(Mcl-1)¥. The protein
Mcl-1 inhibits programmed cell death (apoptosis) and thus pro-
motes the survival of lymphocytes and haematopoietic stem
cells®0-32, Tt is linked to drug resistance and poor treatment outcomes
in many tumour types. SIRNA(Mcl-1) down-regulates Mcl-1 and, at
sufficient dosage, can induce the apoptotic death of a target cell.
Figure 4 shows NEP experiments that were conducted to determine
the critical dosage of siRNA(Mcl-1) for killing K562 cells. For pulses
longer than 5 ms at 220 V/2 mm, a fatal dose of siRNA(Mcl-1)
was delivered to cells (indicated by the red fluorescence).
However, most cells remained viable for pulses shorter than 2 ms
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Figure 2 | Comparison of NEP with BEP and MEP. a, Left: time dependence of Pl dye uptake for NEP (180 V/2 mm, blue curve), BEP (70 V/mm, black) and
MEP (150 V/2 mm for 1 um (red) and 60 V/2 mm for 5 um (green) cases). All used a single 10 ms pulse. Right: results of the finite-element simulation

for the channel, including the maximum electric field (max(E)), the electrophoretic exit velocity and the channel transit time (assuming an electrophoretic
mobility of 1 x 10" m? V~"s™ " for the Pl dye). b, Fluorescence micrographs of a cell after being transfected with Pl dye by NEP, MEP (1 pm case) and BEP.
Conditions are as in a. The time series of captured images is specified at the bottom of each image. Solid white horizontal lines show the location of
micro/nanochannels. The loaded cells in NEP, MEP and BEP devices are specified by dotted circles. The transverse axis was defined by dotted lines to
measure the intensity across the cell section (0-1 represents the distance from top to bottom of the cell). ¢, Fluorescence intensity profile along the

transverse axis of the cell (shown in b) at different times.

(green fluorescence). Statistical variations of the critical dosage for
individual cells were studied using NEP with pulse lengths from 2
to 10 ms; between 7 and 11 cells were used for each pulse length.
Figure 4 summarizes the cell viability measurements. Fluorescence
photographs are provided in Supplementary Fig. S18. A parallel
set of transfections using the same pulsing parameters but a
scrambled siRNA is shown in the ‘control’ columns. None of
these resulted in cell death.

Theoretical analysis of NEP

We next describe our current theoretical understanding of NEP. Our
analysis is based on the following four key features. First, all impor-
tant activity for the process takes place in or near the nanochannel.
Electrically, the microchannels in our microchannel-nanochannel-
microchannel set-up are simply high-conductance ‘wires’ to the
nanochannel. Second, except for initial nanosecond transients,
almost all the voltage drop is across the extremely high-resistance
nanochannel (Ryc~ 600 MQ)). Electrically, this is a classical
‘current source’, ine = Vyoiea/Rnc> and plays a controlling role
in the NEP process. It makes transfection repeatable by minimizing
sensitivity to process details, for example, electrode placement or
small voltage drops across various membranes. The third key
feature describes the actual transfection mechanism. Charged trans-
fection molecules are rapidly (<10 us) swept by electrophoresis
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through the nanochannel and end up in the cell. Residual fields in
the cell itself can further distribute the transfecting agent. Finally,
significant transfection occurs only during the applied voltage
pulse, during which delivery of the agent is intense and highly loca-
lized. In contrast to other electroporation methods, the diffusion of
transfection molecules through residual pores after the voltage pulse
has terminated is negligible.

Figure 5a (left) shows the physical layout for NEP.
Supplementary Section 2A contains an extended version of the
circuit model presented here and detailed analysis based on finite-
element simulations. We assume that cell-nanochannel sealing is
perfect (effects of cell placement are discussed in Supplementary
Section 2B). Figure 5a (right) is an equivalent circuit for a model
system with a 90-nm-diameter, 3-pm-long nanochannel before
electroporation. Equivalent resistances and capacitances in the
model are calculated for a 15 wm cell using accepted values for
the conductivities and permeabilities of the buffer solution and
the cell membrane (Supplementary Table S1). The equivalent resist-
ances of the microchannels are negligible (<1 M(}), and the cell
interior is well modelled as a perfect conductor. The cell membrane
is divided into two parts (Fig. 5a). Membrane 1 refers to the
section adjacent to the nanochannel and membrane 2 to the remain-
der. A real cell membrane is a complex construct of lipids with
embedded proteins, including conducting channels and transporters.
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Figure 3 | Dosage control by NEP. a, Jurkat cells transfected with Cy3-ODN using single 220 V/2 mm pulses of varying durations. Transfection is quantified
by the fluorescence signals, which are normalized to the intensity at 60 ms (scale bar, 15 um). The saturating fluorescence fits a saturating exponential
function. b, Top: fluorescence micrographs of five cells transfected by NEP chip (scale bar, 60 pm). Bottom: five cells are transfected simultaneously (left)
and individually (right) by NEP, showing the repeatability and reliability of the NEP performance. Intensity is expressed in arbitrary units (a.u.). s.d., standard
deviation. ¢, Molecular beacon (MB) before hybridization shows dye is quenched (top). After hybridization with target, fluorescence is restored (bottom).

d, A Jurkat cell transfected (220 V /2 mm) with GAPDH-MB produced fluorescence, but a cell transfected with a scrambled sequence remained dark

(scale bar, 15 wm). e, Relative MB fluorescence intensities for various pulsing programmes (measured 45 min after NEP).

Following previous electroporation modellers®*=°, we treat an electri-

cally intact cell membrane as a resistance in parallel with a capaci-
tance. Values in the literature for cell membrane conductivity vary
by two orders. The applied voltage satisfies V1= Ve
Vs + Viae- We assume that when the voltage across a membrane
exceeds some small value (~1 V), that membrane porates.

The NEP process is readily described. On application of a voltage
pulse, the potential across membrane 1 (facing the nanochannel)
rapidly increases. This membrane reaches the critical voltage in
nanoseconds and porates. Assuming that the now-porated
membrane 1 presents a negligible resistance, the second ‘outer’
membrane starts charging and within tens of microseconds, a
steady-state current is reached. Two observations can be based on
this model. First, for 99% of the pulse, the cell has a steady-state,
nanochannel-limited current (iyc = Vyppiiea/Rnc) flowing through
it. Assuming the transfection agent makes up a constant fraction
of this current, this explains the near-linear relationship between
pulse length and dose. Second, depending on the model details,
membrane 2 may charge to an unsustainable voltage and porate.
Although we usually observe no dye movement across that mem-
brane, current may be carried by small ions. Such putative pores
could challenge cell viability when transfecting sensitive cells.

During the pulse, almost the entire applied voltage appears
across the nanochannel, and the generated electric fields are enor-
mous (70 MV m ™" for a 200 V pulse). This produces large electro-
phoretically driven drift velocities; 700 wm ms™' is typical for
quantum dots. Transfection therefore occurs as follows. Charged
transfection agents enter the nanochannel through a combination
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of drift and diffusion and, within a few microseconds, are swept
into the cell. In our finite-element simulations, we find that fringe
fields extend into the cell and can ‘inject’ agents through the cell
membrane and into the cytoplasm (Fig. 5b).

We note that the pore creation mechanism in NEP may be differ-
ent from that of BEP and MEP. Experimentally, a striking feature is
that large transfection agents, such as DNA and quantum dots,
appear almost instantly inside the cytoplasm with NEP, but are
not observed when using other types of electroporation. This
suggests that large pores are created in the cell membrane adjacent
to the nanochannel during the electrical pulse.

NEP versus MEP and BEP

As noted in Fig. 2b, dye uptake occurs differently for BEP and MEP
than for NEP. For both BEP and MEP, uptake is predominantly a
diffusion-dominated process that occurs largely subsequent to elec-
trical pulsing!!'?¢. In contrast, in NEP, a sharp peak of the fluor-
escent intensity is observed in the middle of the cell at t=10.03s,
that is, simultaneously with the electrical pulse, and no further PI
dye diffusion into the cell is observed after poration. This obser-
vation is consistent with the theory that a highly localized and
focused electric field and strong electrophoresis at the nanoscale
induce strong convective injection, resulting in fast uptake of the
PI dye during poration.

There is a need to inject cells with nanoprobes, such as quantum
dots. Their bright and stable fluorescence and/or manipulability, as
well as their small size, make them suited to revealing biological
mechanisms and processes at an unprecedented level of detail.

NATURE NANOTECHNOLOGY | VOL 6 | NOVEMBER 2011 | www.nature.com/naturenanotechnology

© 2011 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nnano.2011.164
www.nature.com/naturenanotechnology

NATURE NANOTECHN

Non-viable cell

Viable cell

50 ms
D

10ms

5ms

2ms

Tms

b Control

DIC EthD-1 Calcein

18 h after NEP
¢ Mcl-1 SiRNA Control
g :
2 :
Ei |
@ i
Naj |
o I
> |
S |
Q |
oo |
] I
= I
Q |
O |
5 |
& |

1 2 3 4 5 10 10
Pulse length (ms)
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530 nm; emission, 595 nm). a, For NEP pulse durations of 5 ms or longer, sufficient amounts of siRNA entered the cells and the Mcl-1 protein was
sufficiently downregulated to induce apoptosis (red dashed box); cells pulsed for 5 ms or less did not receive sufficient amounts of siRNA and therefore
remained viable (green dashed box). b, All control cells transfected with scrambled siRNA sequence remained alive. ¢, Cell viability under different pulse
durations of siRNA (Mcl-1) injection at 220 V/2 mm (pulse length=1, 2, 3, 4, 5 and 10 ms; number of cells=8, 9, 7, 7, 8 and 7, respectively).
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Additionally, the ability to deliver controlled numbers of quantum
dots or other nanoparticles to the cell cytoplasm provides a
unique opportunity for quantitative studies of cytotoxicity of nano-
particles such as carbon nanotubes and gold, silver and metal oxide
particles. Ideally, nanoprobes would be delivered uniformly to all
parts of the cell. Existing delivery techniques have difficulty in
achieving any significant transfection of these relatively large-sized

probes without causing unintended side effects. Most such
methods rely on a non-specific endocytosis process and have the
disadvantage that internalized quantum dots are often trapped
within endosomal compartments, which may block their ability to
reach specific intracellular targets®’.

We carried out a study comparing the abilities of BEP, MEP and
NEP to transfect Jurkat cells with quantum dots conjugated with a
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5 ms pulses) (e) and NEP + quantum dots (QDs) after poration (f). Fluorescence images: Cy3 (yellow), nucleus (DRAQ-5, blue) and GFP fluorescence
(green). BEP was carried out on a NEON transfection system at 1,325 V with three 10 ms pulses for ~1 x 10° cells. See Supplementary Fig. $14 for
transfection of pCAG-GFP plasmid (~6.6 kbp) into mouse embryonic fibroblast cells.

COOH group (r=10 nm) (Fig. 6a). Neither BEP nor MEP could

Table1 | Biomolecule and quantum dot data. deliver these nanoparticles directly into cells; all the quantum dots

Sample Concentration Zeta potential Size remained stuck at the cell membrane, where perhaps later some

(nM) (mV) might enter the cell via endocytosis. However, our NEP platform
COOH-QD 10 7213 r=10 nm readily internalized the quantum dots inside the Jurkat cells. A
ODN-Cy3 50 —10.0943.76 18 mer~ 6,000 g mol ' uniform spatial distribution of quantum dots inside a transfected
Mcl1-siRNA 50 —10.15+435 21nt~ 14,000 g mol ™' cell 30 min after poration is shown in Fig. 6b. A broad spray of
MB-Cy3 50 —11.01+£535 34 mer~ 10,000 g mol ™' quantum dots occurred in the cytoplasm only 14 s after poration
GFP-pMAX 50 —15.01+64 35kbp~ 22 x10°gmol "

(Fig. 6a, right). Other biomolecules such as DNA, RNA and molecular

_ P 6 =l
ChrpEine S0 2035 6:5/kbpiz 4:25<10  gimol probes can be conjugated onto quantum dots and delivered into cells

752 NATURE NANOTECHNOLOGY | VOL 6 | NOVEMBER 2011 | www.nature.com/naturenanotechnology

© 2011 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nnano.2011.164
www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY Dol 10.1038/NNANO.2011.164

ARTICLES

in a similar way*®%. Supplementary Fig. S10 shows that a small
number of quantum dots can also be controllably delivered by NEP.

To study NEP for larger transfection agents, a Cy3-labelled GFP
plasmid (3.5 kbp) was used to visualize the gene transfection process
of Jurkat cells. Again, we compare NEP with conventional BEP and
MEP. In BEP and MEP, DNA ‘complexes’ formed on the outside of
the cell followed by an endocytosis-like passage into the cytoplasm
that required more than an hour for BEP (Fig. 6¢; Supplementary
Fig. S14) and >60 s for MEP (Fig. 6d). This is similar to previously
reported observations!!. Migration to the nucleus and subsequent
transcription required many hours. GFP fluorescence was not
observed even 18 h after transfection. On the other hand, NEP
injects the plasmid directly into the cytoplasm: within 40 s of pora-
tion, a significant Cy3 fluorescence was observed inside the cell
membrane. Migration of the DNA to the nucleus and transcription
occurred in 6 h (Fig. 6e). For higher gene transfection, nanoparticles
such as gold or quantum dots can be used to facilitate delivery,
roughly analogous to the role of the needle in micro-injection.
Figure 6f shows the NEP transfection of a Jurkat cell using a
mixture of quantum dots with the (not attached) GFP plasmid.
This procedure led to strong GFP expression within 3 h. A viability/
cytotoxicity assay confirmed the transfected cells shown in Fig. 6 to
be alive.

Conclusions

We have shown that NEP (designed to have a nanochannel between
two microchannels) is able to deliver precise amounts of transfec-
tion agents into cells without harming the cells. Cells are precisely
placed in one microchannel of the device each time with optical
tweezers, and transfection occurs when an electrical pulse is deliv-
ered between the two microchannels. The extremely large electric
fields in the nanochannel electrophoretically accelerate transfection
molecules into the cell. After the pulse, any additional, diffusively
driven transfection is limited by the small conductance of the nano-
channel. Whereas BEP and MEP create large numbers of small
pores over a significant fraction of a cell surface, NEP appears to
create either a single very large pore or several large pores in the
cell membrane adjacent to the nanochannel. In NEP, because the
affected area of the cell membrane is very limited (less than 1% of
even a small-area MEP device), none of our experiments resulted
in cell death. The large NEP pore(s) allowed efficient transfection
of relatively large agents directly into the cell cytosol, thus avoiding
the endocytosis-to-endosome route on which other electroporation
methods rely.

In the future, both experimental work and improved modelling
will be needed to better characterize the NEP process. Absolute
quantitative calibration of dosage may be accomplished by compar-
ing fluorescence measurements with single-cell polymerase chain
reaction. Because some applications require large cell samples,
robotic controls can be implemented to allow simultaneous trans-
fection of hundreds of cells. We are presently developing a mechan-
ical loading system that would allow the transfection of 100,000 cells
(Supplementary Figs S15-S17).

Methods

NEP fabrication and operation. The DCI process® is schematically shown in
Fig. 1a. In brief, 0.5 wt% calf thymus DNA (75 kbp, USB Co.) in TE buffer was
prepared to produce an array of stretched DNA nanostrands on the microridge-
patterned PDMS stamp. The stamp was then sputter-coated with gold (Emitech
K550X, Energy Beam Science Inc.) and placed face down on a silanized glass
substrate with 3-trimethoxysilylpropyl methacrylate (Sigma-Aldrich). An ethylene
glycol dimethacrylate (EGDMA) (Sigma-Aldrich) resin (93 wt% EGDMA, 6 wt%
hydroxyethyl methacrylate (HEMA) and 1 wt% Irgacure 651 initiator) was used
as an imprinting resin and cured using ultraviolet light (wavelength, 365 nm;
intensity, 4 mW c¢m ™ ?) for 20 min under nitrogen. The stamp was then peeled off
the slide, leaving behind the array of PEGDMA microchannels connected by gold-
coated DNA nanostrands. To remove gold-coated DNA nanostrands, the slide was
soaked in gold etchant (GE8111, Transene Company Inc.) for 48 h and then
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thoroughly rinsed with DI water, leaving behind embedded nanochannels
connecting the microchannels. The chip was soaked in Piranha solution
(H,80,/H,0,, 7:3) for 3 h to make it hydrophilic. The chip was rinsed with

DI water three times and soaked in 0.1% bovine serum albumin (BSA) containing
DI water for 30 min to reduce the adhesion between the loaded cells and

the substrate.

In single-cell BEP/MEP/NEP experiments, cells (~1 x 10° cells per ml) in
suspension were centrifuged for 5 min at 5,000 r.p.m. to remove the culture medium
and re-suspended in phosphate buffered saline (PBS) media for 5-10 min before
poration. Cells were manipulated using optical tweezers built from a 3 W, 1,064 nm
laser (Crystal Laser) and an inverted microscope (Olympus IX-71 and Nikon Eclipse
TE2000). Typically, 600 mW of power was used to manoeuvre and load a cell close
to the tip of the nanochannel. An electron-multiplying charge-coupled device
camera (Photometrics Cascade II: 512 EMCCD) was used to detect the fluorescence
emission. An electronic pulser from a Bio-RAD Gene Pulser Xcell electroporation
system was used to provide the required voltage pulse sequences. Palladium wires
(diameter = 0.25 mm, Invitrogen/Molecular Probes) were used as electrodes and
were connected to the electronic pulser. MEP fabrication and operation are
described in the Supplementary Information. The single-cell BEP experiment
is described in a previous publication®.

Cell culture. Jurkat cells (human T-cell lymphoblast-like cell line) and K562 human
erythroleukaemia cells were obtained from the American Type Culture Collection
(ATCC). Mouse embryonic fibroblasts were derived from 129/SV-E mice (Charles
River Laboratories International). Chronic lymphocytic leukaemia (CLL) patient
cells were provided by J. Byrd’s laboratory in the Comprehensive Cancer Center at
The Ohio State University. Cells were routinely cultured in 25 T flasks containing
5 ml of RPMI-1640 culture medium (Invitrogen) supplemented with 10% fetal
bovine serum (FBS, Invitrogen 16000), 100 U ml™" penicillin/100 ug ml ™"
streptomycin (Invitrogen). Cells were seeded into T flasks at a concentration of

3 x 10° viable cells per ml, incubated at 37 °C in a humidified atmosphere
containing 5% CO,, and subcultured every two days.

Computational modelling of transmembrane potential and electrophoresis. The
contact resistance method and the finite-element commercial software COMSOL
(Mathworks Inc.) with MATLAB was used to calculate the transmembrane
potential'®, electric field distribution and electrophoretic velocity of molecules inside
the nano/microchannels. Details are given in the Supplementary Information.

Biomolecule construction. Cy3-modified phosphorothioate oligos G3139
(Cy3-G3139) (sequence: 5'-TCT CCC AGC GTG CGC CAT-3") was custom
synthesized by Alpha DNA. The molecular beacon against GAPDH (GAPDH-
MB: 5'-Cy3-CGA CGG AGT CCT TCC ACG ATA CCA CGT CG-BHQ2a-Q-3")
and the control molecular beacon (Control-MB: 5'-Cy3-GCG AGG GTA GAT
GCA GCC TTG TCT ATA CCC TCG C-BHQ2a-Q-3') were purchased from
Eurofins MWG Operon. The Mcl-1 specific siRNA was purchased from

Ambion (sense: 5'-GGUCCAUGUUUUCAAAGAULt-3'; anti-sense:
5'-AUCUUUGAAAACAUGGACCat-3'). pMax-GFP (3.5 kbp, 0.5 ug pl ') and
pPCAG-GFP (6.6 kbp, 0.5 pug pl ") were purchased from Amaxa Biosystems and
Addgene, respectively. The GFP plasmids were labelled with CY3 dye using Label IT
CyTM3 Labeling kit (Mirus). 585-655 ITK carboxyl quantum dots solution was
purchased from Invitrogen.

Zeta potential and size. The zeta potential of biomolecules was determined using a
PALS zeta potential analyser (Brookhaven Instrument Corp). This information and
other characteristics of biomolecules and quantum dots are listed in Table 1.
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