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Abstract

We assert that it is possible to trap and identify proteins, and even (conceivably) manipulate
proteins secreted from a single cell (i.e. the secretome) through transfection via electroporation by
exploiting the exquisite control over the electrostatic potential available in a nanopore. These
capabilities may be leveraged for single cell analysis and transfection with single molecule
resolution, ultimately enabling a careful scrutiny of tissue heterogeneity.

Introduction

Biological function emerges from a cell through a hierarchical network of molecules, which
generally involves large protein complexes, that can affect gene expression.! This hierarchy
senses the internal state or external environment of the cell and reconfigures itself both
spatially and functionally, while in the process transducing signals such as: internal damage,
metabolites, mechanical force, signaling molecules from nearby and distant cells, nutrients,
and poisons. Like any hierarchical organization, the elements at the top exert the most
influence, and so both the internal state and external environment of the cell influence the
interconnected control machinery, ultimately affecting gene expression. Thus, the cellular
microenvironment is just as important as the genes in determining biological function.

Here we explore the prospects for using a nanopore to both detect aspects of the cellular
microenvironment and transfect genes into single cells. While detecting and analyzing
analytes, such as protein, originating either from a lysed cell or in the microenvironment of a
single cell is a daunting task, a merger of nanopore sensing with optical trapping for the
manipulation of single molecules?# and single cells®® have made it feasible.

Nanopore detection represents the logical conclusion in the development of chemical
analysis, which extracts the maximum amount of information from a minimum amount of
material. Both proteinaceous and solid-state pores are effective analytical tools for single
molecule analysis of DNA, RNA, peptides and proteins.247 Though protein pores can show
high selectivity for a ligand,8° they are fragile—they do not share the robustness of solid-
state pores, nor do they easily allow for tailored selectivity of ligands.24# In particular,
solid-state nanopores have been used to inform on the chemical, thermal, and electric field
effects on protein folding.19-14 However, most of the strategies that have been pursued so far
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for detecting proteins rely on using the pore as a stochastic sensor.# Although it has not been
demonstrated unequivocally, it has been asserted that a statistically representative sample of
current blockades could be used to discriminate between different molecules in a pore that is
comparable to the size of the protein.10

Proteins inherently have a very specific distribution of surface charge, which is used to
attract different targets to different parts of the protein. The exquisite control over the
electrostatic potential available in a nanometer-diameter pore could be used to exploit the
distinctive surface charge on a protein to trap and identify it. The promise of a nanopore as a
non-optical, molecular sensor relies on the electric signal that develops when an analyte
translocates across a membrane through a pore immerse in electrolyte. If the size of the pore
is such that only one analyte is admitted at a time and each has a characteristic signature, a
pore can be used to detect analytes with single molecule sensitivity and discriminate single
molecules against a complex chemical background.2-*

While the sensitivity of a nanopore is incontrovertible, it has a drawback for detection of
dilute concentrations of molecules that is related to the diffusion equivalent capacitance.1%16
The response time affects the minimum detectable concentration!” but the molecule must
first diffuse within range of the pore to be driven through it by the electric field.1® Thus, the
specifications for detecting proteins with a nanopore are very stringent—the geometry and
electric field in the pore are determined by the molecular size and surface charge, while the
capture rate increases only with proximity to the molecular source.

To improve the capture rate, we show that it is possible to place a cell immediately above a
pore using optical tweezers. In doing so, we discovered serendipitously that the same
stringent specifications for detecting and selectively analyzing single molecules in a pore in
close proximity to a cell also offers the prospect for transfection of a single cell with the
same pore. Provided that the cell is in close proximity, the control of the electric field in and
beyond the pore lumen enables transfection of genes via electroporation.

In this report, we test the efficacy of using a nanopore for detecting single proteins and
transfecting single cells. We assert that by using a nanopore as a stochastic sensor, proteins
can be discriminated based on size and charge.1® We offer preliminary measurements
showing distinctive and dramatic changes in the transmembrane current when a protein
translocates across the membrane. We interpret blockades in the current as changes in the
volume accessible to electrolytic ions in the pore, and show a dependence on both the pH
and the pore size. Furthermore, we show that by controlling the electric field, a single
protein can be trapped in a pore smaller than the molecule, which facilitates analysis and
increases the likelihood of correctly identifying a single molecule. Control of the electric
field in and beyond the pore lumen also enables transfection of a cell in close proximity via
electroporation. To demonstrate this, we position a single breast cancer cell over a nanopore
using optical tweezers, and then use electroporation to transfect it with fluorescent DNA.
These results extend the frontier of biology towards single cell analysis with single molecule
resolution, offering the potential for an unprecedented probe of tissue heterogeneity.

Methods and Materials

Nanopores

Silicon nitride membranes < 30nm thick on a silicon handle wafer (Protochips) were first
prepared using a 10-30 s O, plasma clean. The silicon chips were then loaded into a FEI
Titan 80-300 transmission electron microscope (TEM) for sputtering. The thickness of the
relieved nitride membrane was measured /n-situ using Electron Energy Loss Spectroscopy;
the thicknesses ranged from 11 to 31 nm, depending on the deposition and etch conditions
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used to define the film. A nanometer-size pore was sputtered into the membrane using spot-
sizes ranging from 0.2-2 nm. From TEM images taken at different tilt angles, we infer that
the pore geometry is bi-conical, each with >10° cone angle.20

Subsequently, the chip containing the membrane was plasma bonded to a multi-level
microfluidic device. The plasma bond sealed the chip into the microfluidic between two
vias, leaving the pore as the only connection between the cisand #rans channels as illustrated
in Figures 1(d,e). The transreservoir (red) has a volume of ~6 nL, while the cis reservoir
(blue) has a volume of ~100 L. To characterize the pore, a transmembrane voltage was
applied using a program written in LabView (National Instrument, ver. 2010) and the
current was measured at 23+1°C with an Axopatch 200B amplifier (Molecular Devices)
using Ag/AgCl electrodes embedded in each fluidic channel. The signal was filtered at 10
kHz by a low-pass 8-pole Bessel filter before being digitized at a rate of 100 kHz. Current
blockades were detected automatically using an algorithm in Clampfit 10.2 (Molecular
Devices) with a threshold >5% of the open pore current.

The microfluidic devices consist of two microchannels configured to independently address
the cisand trans-sides of the membrane through vias. The entry-channels were all 250 pm
wide and 100 wm high, but the vias (see Figure 1(d)) ranged in size from 250%250 pm to
75%75 pm square and 200 pm to 50 pm thick. A master mold of the design was generated
by stereo-lithography (FineLine Prototyping) and made of DSM Somos ProtoTherm 12120,
a strong, high temperature tolerant plastic. The microfluidic device was formed from poly
dimethylsiloxane (PDMS) using a mold-casting technique. The PDMS silicone polymer
used to create the chips is commercially available as Sylgard 184 (Dow Corning), a two-part
polymer mix. The two parts were mixed thoroughly at a 1:10 ratio of curing agent to base.
The mixture was degassed in house vacuum for 30 min. and then poured into a master mold
where it was cured at 75°C for ~12 hrs. After cooling to room temperature, the plastic,
which hardened to a rubber-like consistency, was peeled away from the mold yielding a
piece of silicone with the inverse pattern of the master mold.

The silicon chip containing the silicon nitride membrane with the pore in it was tightly
sealed to the PDMS trans-microfluidic channel with a plasma bonding process (Harrick
PDS-001) that exposed the chip and PDMS to an oxygen plasma at a power of 30 W for 180
s. The plasma generates silanol (Si-OH) groups on the surface of PDMS, which reacts with
silanol groups on the nitride surface to form an Si-O-Si bond. After exposure to the plasma,
the PDMS was gripped by the sides, placed in contact with the chip and a uniform pressure
was applied for 10 s to form the bond. At the same time, to provide optical access, we
likewise sealed the trans-channel in the PDMS to a #1 cover glass (Corning) using the same
bonding strategy described above. We subsequently tested the seal against a 30 nm thick
silicon nitride membrane without a pore in 100 mM KC/pH 8 for > 3 weeks without failure;
the leakage current was < 8 pA at 1V.

Finally, the microfluidic channels were connected to external pressure and fluid reservoirs
through polyethylene tubing at the input and output ports. Through these ports the cis-
microfluidic was used to convey dsDNA and various proteins to the pore, but not necessarily
through the small diameter pore without an applied transmembrane bias voltage. On the
other hand, the frans-microchannel was used to convey cells to the membrane where optical
tweezers were used to precisely position them over the pore.
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Live Cell Lithography

MDA-MB-231 human breast adenocarcinoma cells (ATCC) were cultured in DMEM high
glucose medium (Invitrogen, #11995) supplemented with 10% FBS at 37°C with 5% CO,.
A confluent cell culture was first trypsinized using a solution of 0.25% trypsin/EDTA
(Gibco) and then centrifuged at 200g. The supernatant was discarded and the cell pellet re-
suspended in 500 pL of DMEM. Immediately before injection into the microfluidic, the cell
suspension was combined 1:1 with a pre-polymer mixture made of 3.4kDa polyethylene
glycol diacrylate (PEGDA, Laysan Bio) dissolved at 16% (w/v) in phosphate buffered saline
along with a photoinitiator, 2-hydroxy-2-methyl-propiophenone, at a concentration of 1.5%
(V/v).

A single cell was extracted using optical tweezers from a laminar flow in the microfluidic
channel and positioned over the nanopore. Optical tweezers were formed by focusing light
(A=900 nm) from a tunable CW Ti:sapphire laser (Spectra Physics) pumped at 532 nm by a
15 W Nd:YVO04 diode-pumped solid state laser (Spectra Physics) using a Zeiss Fluar 100x
oil immersion objective (1.3NA). Acousto-optic deflectors (AOD) (AA-Optoelectronic)
were used to steer the optical trap over the pore. We have previously established that under
optimum trapping conditions the maximum radiation dose limits the cell’s exposure to the
laser.21 Nevertheless, the trapping conditions can be optimized to allow for very long
duration (>hr) exposures.?2 To facilitate our preliminary work and minimize exposure to the
laser beam, the cells were encapsulated in hydrogel.22:23 The pre-polymer solution was
photopolymerized over the membrane using a metal halide light source (X-CITE 120Q,
Lumen Dynamics) and a 36015 nm bandpass UV filter (Semrock). A square mask (~5.0
mm x 5.0 mm) placed in front of the UV source was used to control the shape and size of
the hydrogel spot. The light generated by the lamp is focused using a Kohler light train
described elsewhere.23

Biomolecules

To explore the feasibility of using a nanopore to discriminate between different proteins, we
compared two proteins of similar molecular weight at concentrations in the range 10-15 pM
(New England Biolabs): bovine serum albumin (BSA) with molecular weight of 66.5 kDa,
5.7 pl and an approximate size2 of 750nm3=14x7x8 nm to streptavidin (STR) with MW 60
kDa, 6.5 pl, and a size2> of 230 nm3 =7x6x6 nm. To demonstrate transfection via
electroporation we used double-stranded DNA (dsDNA) intercalated with YOYO-1 iodide
dye (Invitrogen). A 20 kbp dsDNA was added to YOYO-1 (40 mM Tris-acetate, 2 mM
EDTA, pH 8.0) for a final ratio of 5:1 nucleotides to dye molecules. This mixture was
incubated for 60 min. at room temperature then stored at 4°C. A 25 pM solution of DNA-
YOYO was made in 100 mM KC/(pH 8.0).

Fluorescence data was collected using a Leica TCS SP5 1l (Leica Microsystems) confocal
microscope with enhanced, hybrid GaAsP detectors for improved sensitivity to fluorescence.
All confocal images were acquired using an HCX PL APO lambda blue 63x 1.2 NA (Leica)
water immersion objective.

Results and Discussion

It is possible to detect a single molecule by measuring the electric signal from its
translocation through a nanopore. The molecular configuration, the pore geometry and
charge determine how the electrolytic ions passing through the pore interact with the
potential presented by the molecule. Therefore, the differences in surface charge associated
with each molecule should have a substantial effect on the current-voltage relationship and
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facilitate discrimination. However, to control the electric field and the forces in a pore, the
geometry must be defined with high precision due to the molecular size.

The technique used prevalently to create nanometer-diameter pores in silicon nitride
membranes is stimulated beam decomposition and sputtering from the tightly focused
electron beam of a transmission electron microscope (TEM).29 An elaboration of that same
method allows us to produce nanopores with a bi-conical geometry and sub-nanometer
precision, such as the pore illustrated in Figure 1(a); this pore has a diameter comparable to
an a-helix. Leveraging this exquisite spatial resolution in combination with minimal drift in
the microscope, it is possible to form larger pores or merge them together to form slits (see
Figure 1(b)), or even an “L”-shape (Figure 1(c)) for example. Fashioned this way—with
high precision and minimal drift—nanopores can be used to selectively address higher order
structure in protein.

To provide direct fluidic and optical access to the nanopore, while at the same time reducing
the concentration of analyte (10-15 pM) required for detection, we embedded the silicon
chips containing the nanopores in a multi-level microfluidic device. As shown in Figures
1(d,e), this microfluidic has two separate channels addressing the cis/trans (cathode/anode)
sides of the membrane. Ag/AgCl/ electrodes are embedded in the channel via ports built into
the microfluidic device. The c/s/trans channels are connected to the nitride membrane
supporting the pore through narrow access vias as shown in Figure 1(d). The vias have the
added benefit of mitigating the effect of parasitic membrane capacitances (~100pF) on the
dielectric component of the electrolytic noise.26:27

Nanopores as Stochastic Sensors for Protein

We tested the prospects for using a pore to detect and analyze proteins in two different
ways: first, using the pore as a stochastic sensor we tried to discriminate between two
proteins BSA and STR; and second, we trapped single BSA proteins in a pore smaller than
the molecule to scrutinize unfolding. Figure 2(a) shows a typical 60 s current trace of 15 pM
BSA in 100 mM KCl/stabilized by 10 mM TRIS-HC/at pH 8 interacting with a 7.4 nm
diameter pore at a 1 V transmembrane bias. We observed that, despite the dilute
concentration of protein, the response time measured by the interarrival time between
current transients in the pore current is only 820+14 ps. This facility we have for detecting
dilute concentrations of protein (15 pM) with a short response time is superior to past
efforts1” and a consequence of embedding the nanopore in a microfluidic, which localizes
the analyte near the pore reducing the diffusion equivalent capacitance. Generally, data like
that in Figure 2(a) can be modeled by a log-normal distribution with a mean translocation
time, 4.0, and a mean blockade to open pore current ratio, A/, (as defined in the inset to
Figure 2(a)) of 140+10 s and 0.145+0.004 respectively.

To test the effect of pore geometry on the distribution, we collected data on the same
protein, BSA, at pH 8 in two different pores, 6.8 nm and 7.4 nm in diameter. Applying a t-
test, we found a statistically significant difference between the resulting pore blockades with
a p-value of <1075, Thus, the result shown Figure 2(b) provides compelling evidence that
the pore geometry can be used to manipulate the distribution—the smaller pore seems to
broaden the event duration and increase the blockade percentage—which could possibly be
used to isolate a specific protein from a complex chemical background.

Using an appropriately designed pore it should be possible to discriminate between different
proteins this way. To demonstrate this strategy, we tried to force STR, which has about the
same molecular weight as BSA, through the same 7.4 nm pore at pH 8, but could not detect
any current transients indicative of STR interacting with the pore. We attribute this
observation to the relatively neutral charge on the protein: at pH 8, BSA supposedly has a
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charge of —25e, while STR has a charge of only —4e. According to this interpretation, BSA
can be discriminated by charge from STR perfectly at pH 8.

The charge of the protein can be adjusted by controlling the pH of the solution. However,
the pH can also affect the secondary structure of the protein.28 For example, it has been
shown that BSA transitions from an a-helix to a f-sheet when the pH is either below 5 or
above 10.29 Since the current measures the molecular volume occluding the pore, the pH has
to be maintained in a range where the secondary structure of the protein is not affected.

Lending further support to our interpretation of the STR data obtained at pH 8, at pH 9.6,
STR has an overall charge of —12e and current blockades are observed in the 7.4 nm pore
with a distribution defined by Zy,/~=150+50 s and A ///;7=0.066+0.005. Figure 2(c)
represents a compilation of the two distributions: one corresponding to BSA at pH 8 and the
other to STR at pH 9.6. Both distributions of dwell time are highlighted by a large number
of events of very short Zy,< 30 s duration, which are likely due to collisions between the
pore and the protein that may not result in a translocation. These events are outside of the
log-normal distribution used to calculate the mean dwell time and blockade magnitude.
These very short duration events are not specific to any one protein, but are more common
with STR occurring in ~19% of all events. The distribution of dwell times indicates that, for
the most part, BSA and streptavidin have similar translocation velocities; with roughly ~9%
of the events lasting longer than 10 ms for STR while for BSA, only ~2% of the events
lasted as long.

To discriminate a specific protein, each event is classified by the distribution that defines it.
In multivariate analysis a common technique used to classify observations is linear
discriminant analysis (LDA), which identifies linear combinations of features between
different events. When we apply LDA to the event duration and blockade amplitude we find
a distinct separation of events, indicated by the dashed line in Figure 2(b). Events occurring
above the line have a high probability of belonging to BSA while events occurring below the
line are likely due to STR. To further quantify the ability to discriminate between the two
proteins, we generated a receiver operating characteristic curve (ROC),30 which measures
the ratio of true positives (an event that correctly identifies the protein) to false positives (an
event that identifies the wrong protein) in the LDA model. The ROC for the distribution of
events, shown in the inset of Figure 2(c), indicates that the probability to correctly identify a
protein, typically measured by the area under curve (AUC) is AUC=0.73, which is
significantly better than random (AUC=0.5).

Nanopores for Trapping a Single Protein

It may be possible to discriminate between two different proteins by manipulating the
selectivity of the pore by either varying the applied potential,3 changing the pH14:32 or the
electrolyte concentration of the solution.33 However, the classification is imperfect due in
part to the stochastic nature of the single molecule measurement. Noise associated with
different molecular conformations in the pore likely contributes to the distribution of
translocation events. In addition, translocation noise in the motion of the molecule relative to
the detector is invariably introduced when a continuous molecular strand is driven
electrophoretically through a pore.34:35 Translocation noise is captured succinctly in a one-
dimensional transport model by the ratio of the drift to diffusion velocities, V. #/Vgism V/
(kT/g9). From this relation we infer that voltages larger than k7/g are desirable to offset
diffusion of the molecule through the pore. Unfortunately, large voltages can also adversely
affect membrane reliability, affect the molecular conformation, and increase translocation
velocity, forcing high frequency operation to electrically detect a molecule.

Analyst. Author manuscript; available in PMC 2013 July 07.
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Instead of stochastic sensing on a large sample of proteins, we tested the feasibility of
detecting and analyzing a single protein trapped in a nanopore. This strategy is motivated by
recent work on dsDNA, which demonstrated the possibility of trapping a single molecule in
a pore smaller than the double helix by rapidly switching the electric field below the
threshold for stretching the molecule.3® The conditions required for trapping a protein like
BSA can be inferred from the dependence of the reciprocal of the dwell time as a function of
voltage and pH. The insets to Figure 3 (a2,a3) indicate that for a 5 nm pore at pH 8, 1/¢ye
vanishes below ~0.6 V or below pH 6 at 1V. Accordingly, we forced BSA at pH 8 from the
cis-side of the membrane into a pore smaller than the protein using 0.6 V and then trapped it
there by lowering the voltage while simultaneously measuring the blockade current until the
trapped molecule escaped. A typical event is shown in Figure 3(a). Initially, the
transmembrane voltage bias is set to 0.6 V, but when a dramatic change in the current is
observed—see inset (al)—corresponding to BSA entering the pore lumen, it triggers a
change in the transmembrane bias from 0.6 V to 0.1 V resulting in a substantial reduction in
the translocation velocity— the molecule exits this pore after about 6 s.

Figure 3(b) is a compilation of intensity plots that capture the amplitude of current
fluctuations observed while a single protein is in the trap. It is produced by generating a
histogram of the current in consecutive 250 ms windows. Because of the long dwell time in
the trap, the current trace can be averaged to eliminate noise using an 8-pole Bessel low-pass
filter with a cut-off at 1 kHz. Representative histograms encompassing 1 second of current
data obtained at 3.6, 5.25 and 9.5 s after the molecule was trapped are shown in the
respective insets to Figure 3(b). The open pore current is represented by position C, while
two supposedly different protein conformations are represented by histograms A and B.

We assert that the fluctuations in the blockade current inform on the molecular configuration
in the pore. Specifically, we claim that current fluctuations reflect the change in the
electrolytic volume in the pore as the protein denatures under force associated with the
electric field in the undersized pore. Optical tweezer3” and atomic force microscopy38
studies on titin have shown that the muscle protein undergoes forced unfolding with applied
forces as low as 20-30 pN. The electric field in a nanopore, which is approximately E~V/L,
where V is the transmembrane voltage and L is the effective thickness of the nitride
membrane, is E~3.2 pN/e at 0.1 V with a length of 10 nm, indicating that the effective force
on BSA with a charge of —25e at pH 8 is ~75 pN. While this force is large enough to unfold
the protein, the charge distribution of BSA is not uniform, however. The amino acid
sequence is such that positively charged residues are adjacent to negatively charged ones.
Therefore, it is feasable to have strong opposing forces on localized regions of the protein
within the pore, which may also affect how the protein unfolds. While the forced unfolding
of BSA has not been reported, structural studies of BSA have shown that it undergoes a.-
helix to B-sheet conformational change above >58°C.39 Thus, we assert that the force
associated with the electric field in the pore can have a similar effect as the application of
heat to the protein.

The relatively narrow histogram associated with the open pore current in C reflects only
noise associated with the ionic current through the pore and is well fit by a single Gaussian
distribution with mean p=265.65+0.03 pA, standard deviation 0=3.06+0.04 pA and
coefficient of determination /2=0.991. On the other hand, the histogram represented in B is
better modeled by two Gaussian distributions with j11=247.1+0.2 pA and p,=255.2+0.2 pA;
01=5.1%0.2 pA and 0,=4.940.2 pA; and 2=0.9865 rather than a single Gaussian distribution
(2=0.9762), which indicates a change in the molecular configuration while the molecule
resides in the trap. Lastly, although it is broader than C, A can also be fit to a single
Gaussian distribution (= 253.94+0.04 pA o=4.11+0.05 pA with /2=0.989).
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The width of the current distribution near A is consistent with the protein partially blocking
the entrance of the pore. In contrast, the smaller pore current at B indicates that the protein is
occluding a larger volume of the pore. The current distribution becomes broader due to
flucuations in the occluded volume. According to this interpretation, the protein samples
various configurations till it can transit through the smaller pore. At C, the current in the
pore has returned to the open pore value and the narrow width current distribution indicates
that the protein has escaped.

Trapping a protein obviates the requirement for continuous high voltage operation to
suppress translocation noise and even conformational noise might be mitigated through
repeated measurements. Following this strategy, single proteins in the microenvironment of
a cell can be analyzed over an extended interval, enabling an accurate classification and
quantitation. In principle, a protein trapped by the pore, can be analyzed and re-analyzed,
pushing the molecule back and forth until it is identified. So, by using a combination of
specific ligands or markers and by manipulating the pH and the electric field around the
pore, a trapped protein may be unambiguously identified. This, of course, is only possible
provided that the protein is within the capture radius defined by the electric field emanating
from the pore.

A Nanopore Juxtaposed with a Single Cell

Another advantage of this microfluidic device is that we can use optical tweezers23 to
position a cell directly over the nanopore, effectively eliminating the diffusion capacitance.
To position a single cell over the nanopore, first the cell was conveyed via the microfluidics
to the trans-side of the membrane where 9 time-shared optical tweezers (35 mW total power
at A=900 nm) were used to precisely position it. The cell was then encapsulated via
photopolymerization in a 3.4 kDa PEGDA hydrogel, holding it in a fixed position relative to
the pore. In separate experiments (not shown), we have observed that MDA-MB-231 cells
remain viable in hydrogel for >12 hrs. The optical micrograph shown in Figure 4(a) shows
the cell just prior to photopolymerization of the hydrogel. Using the same microfluidic
device, we then conveyed 20 kbp YOYO intercalated dsSDNA to the cis-side of the
membrane. By applying a 2 V transmembrane bias through Ag/AgC/ electrodes embedded
directly in the microfluidic, it is possible to force the dsDNA through a 3.4 nm pore,3¢ a
pore that is too narrow to allow for translocation of YOYO intercalated dsDNA at low
voltage.40 At the same time, the voltage in the vicinity of the pore is apparently sufficient
(>100 mV) to induce electroporation of the cell membrane, allowing the DNA to enter the
cell. Figures 4(b,c) show x-z cross-sectional confocal images taken at different times
showing the translocation of DNA through the pore and the concomitant transfection of the
cell via electroporation. As time progresses and more DNA transfects the cell, the
fluorescence intensifies, eventually showing the outline of the cell in Figure 4(c).
Eventually, the fluorescence migrates to the nucleus of the cell as shown in Figure 4(d) by
the false-color perspective of iso-surfaces reconstructed from confocal images of the same
cell obtained 18 min after the start of transfection. Figure 4(d) starkly illustrates the
concentration of fluorescence in the nucleus. DNA seems to be retained in the cell, as no
extracellular fluorescence was observed, suggesting that the cell membrane remains intact
>15 min. after electroporation.

Although we have not established the ability to produce new biological function, we have
demonstrated the potential for transfecting a single cell by electroporation using a nanopore.
While many other single cell transfection approaches have been developed*142 that are
reportedly efficient and suitable for the transfection of virtually any type of cell, the strategy
that we have developed employing a nanopore is the only one that offers the possibility of
manipulating the cell’s genes and detecting proteins secreted from it at the same time.
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Moreover, this may all be accomplished with dose-controlled transfection and single
molecule precision.

Conclusions

Using a nanopore embedded in a microfluidic as a stochastic sensor we have shown that it is
possible to discriminate between different proteins of similar molecular weight by size and
pH. Using the same device it is also possible to trap a single protein molecule and follow,
through measurements of the blockade current, changes in its conformation as it unfolds in
the pore. The microfluidic platform provides, not only an improvement in the minimum
detectable concentration, but also optical access enabling the use of optical tweezers for
positioning cells over the nanopore, which could possibly eliminate the diffusion
capacitance altogether. Serendipitously, we discovered that cells positioned in this way can
be transfected via electroporation. We demonstrated this by transfecting a breast cancer cell,
encapsulated in hydrogel next to a nanopore, with YOYO intercalated dsDNA and observing
fluorescence in the cell.

Thus, a nanopore embedded in a microfluidic used in combination with optical tweezers can
be used to both transfect genes and discriminate the resulting secretome of a single cell,
conceivably with single molecule resolution. The proteins secreted from cells comprise a
complex and scarce set of molecules referred to as the ‘secretome’.43 About 10-20% of
human genes encode (~2000) secreted proteins** with an average molecular weight of 41.9
kDa.#> Most secreted proteins add complexity to higher eukaryotic systems and are vital for
understanding cell-cell communications for tissue development and differentiation, among
other processes. Some secreted proteins are involved in human disease, including metastasis
and tumorigenesis.*®47 Thus, the secretome offers new biomarkers for the diagnosis of
disease, a promising approach to drug discovery, and a deeper understanding of the
mechanisms for tissue development. But these proteins are secreted in only minute
quantities, and then diluted in body fluid or cell culture medium, making the secretome very
difficult to detect and analyze. Moreover, stochastic gene expression produces a
heterogeneous population of cells in tissue forcing analysis of the secretome with single cell
resolution.

Using a nanopore with optical tweezers allows for the deconvolution of a single cell
secretome from the bulk populations in which they are usually observed. With such a
system, we can not only study the output, i.e. secreted proteins and small molecules, but also
provide input to individual cells, in the form of plasmids, sSiRNAs, aptamers, or even prions.
This will enable individual cell responses to be parsed and modulated to understand the
stochastic behaviors driving biological function.
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FIGURE 1. Nanopores sputtered with sub-nanometer precision in small area membranes
embedded in microfluidics

(a) TEM micrograph of a nanopore 0.7x0.9 nm in cross-section. (b,c) Scanning TEM
(STEM) micrograph of a slit and an “L” pattern respectively, indicating stability of the beam
(<1 nm drift/30 min.) (d) Scanning Electron Microscopy (SEM) of a silicon chip with a
SizN4 membrane on it (inset) bonded to a PDMS microfluidic at the top of a 75 pm via in
the middle of a 150 um microchannel.(€) (top) Schematic showing a magnified view of a
horizontal cross-section through the device and (bottom) optical micrograph showing the
top view of a PDMS microfluidic with two channels: one above (blue) and the other below
(red) the silicon membrane.
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FIGURE 2. Proteinstransocating through a nanopore

(a) Pore current at 1 V bias through a 7.4 nm pore after 15 pM BSA in 100 mM KC/, 10 mM
TRIS-HC/at pH 8 is introduced on the cis-side of the membrane. The frequent blockades
observed in the current are indicative of the BSA interacting with the pore. The inset shows
two typical events; the arrows indicate the dwell time, Zy,, the mean blockade amplitude,
A/, and the open pore current, /. (b) Event distribution of A /1y vs ty,. for the first 1000
recorded events of BSA at pH 8 through 6.8-nm-diameter (red) and 7.4-nm-diameter pores
(blue). (c) Event distribution of A//ly vs ty,ey for the first 1000 recorded events of BSA at
pH 8 (red) and STR at pH 9.6 (blue) through the 7.4-nm-diameter pore. Black line shows
group demarcation when the events are classified with LDA. (inset) ROC of the protein
discriminator with an AUC of 0.73.
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FIGURE 3. A single protein trapped in a nanopore

(a) Current trace of a protein molecule trapped in a pore. When the protein enters the pore at
V=0.6V, Inset (al), it triggers a signal that switches the voltage bias to V=0.1V. After ~6 s
the protein exits the pore. Inset (a2) shows the inverse dwell time versus bias voltage, for
BSA passing through a 5x5nm pore in 100 mM KC/at pH8. The linear fit to the data,
indicated by the dashed line, extrapolates to a threshold of 0.59V. I nset (a3) shows the
inverse dwell time versus pH of BSA in the same pore as (a2) at 1 V bias. (b) Intensity map
showing current fluctuations within a moving 250 ms window associated with a trapped
protein. Inset: Histograms of 1 s of current data at 3.6 (A), 5.25 (B) and 9.5 s (C) after the
protein is trapped. Solid lines (red) are fits to the data.
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FIGURE 4. Using a nanoporeto transfect a breast cancer cell via electroporation

(a) Optical micrograph showing an MDA-MB-231 cell held by optical tweezers over a 3.4-
nm-diameter pore in a 30-nm-thick silicon nitride membrane, 35 um on edge. The nitride
membrane is the light gray square, transparent compared to the silicon handle wafer around
it. (b,c) Confocal (x-z) cuts showing the translocation of 20 kbp YOYO intercalated dsDNA
and the subsequent transfection of a 231 cell positioned over the 3.4 nm pore. As time
progresses from t=3 to 16 min. more DNA enters the cell and the fluorescence increases,
eventually showing the outline of the cell. (d) False-color perspective iso-surfaces
reconstructed from volumetric data obtained from confocal images of the same cell as (a,b).
At this late time (t=18 min), the fluorescent DNA appears to concentrate in the nucleus.
Scattering from the membrane as well as fluorescent DNA in the pore are both indicated.
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