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Abstract

Understanding the behavioral properties of single molecules or larger scale populations
interacting with single molecules is currently a hotly pursued topic in nanotechnology. This
arises from the potential such techniques have in relation to applications such as targeted drug
delivery, early stage detection of disease, and drug screening. Although label and label-free
single molecule detection strategies have existed for a number of years, currently lacking are
efficient methods for the controllable delivery of single molecules in aqueous environments. In
this article we show both experimentally and from simulations that nanopipettes in conjunction
with asymmetric voltage pulses can be used for label-free detection and delivery of single
molecules through the tip of a nanopipette with “on-demand” timing resolution. This was
demonstrated by controllable delivery of 5 kbp and 10 kbp DNA molecules from solutions with

concentrations as low as 3 pM.



Rapid single-molecule detection and controllable single-molecule delivery are two of the
central themes of modern nanotechnology. Unfortunately these themes are often disconnected,
particularly in environments which require physiological and label-free conditions. A class of
versatile single-molecules detectors — nanopores or nanopipettes, has shown exceptional promise
for label-free analysis of key life components such as DNA, RNA, and proteins, ' but has not
been used for controllable delivery of biomolecular species. The ability to simultaneously deliver
and analyze individual molecules in label-free conditions, is one of the ultimate goals in
nanotechnology and can open up avenues for the quantitative analysis of biological, chemical
and physical phenomena on an individual non-statistical basis. However, at the single molecule
level, the analyte transport (and detection) across the nanopore is typically a random process,
resulting in limited control on the transport of individual molecules.

In a typical nanopore sensing platform, two reservoirs containing electrolyte are
connected via a nanoscale pore. Voltage is applied across the nanopore to generate a steady-state
ionic current that depends on the pore dimensions, charge, and the ionic strength of the solution."
3 Analytes are electrokinetically translocated through the nanopore and are detected by transient
variations in the ionic current. A sub-class of nanopores, used in this work, is nanopipettes.
Importantly, they can be rapidly and inexpensively laser pulled from glass capillaries, resulting
in a sharp tip constituting a single nanopore, which can be used as single-molecule label-free
sensors,'*'* in the same way as conventional solid-state nanopores. Due to their high-aspect ratio
geometry and exceptionally sharp tips, nanopipettes offer an important advantage over
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conventional nanopores as they can be easily adapted for use in single cell interrogation and
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as a macroscopic delivery vehicle for intracellular injection. ™. To date, delivery of molecules

has so far only been quantified in close proximity to the tip by using fluorescence



18 2. 23 Real-time quantitative delivery of individual molecules combined with

spectroscopy.
label-free nanopore detection has yet to be achieved. In fact nanopipettes are predominantly used
as an analytical platform for the detection of single molecules by transporting molecules from the
outside reservoir to the inside of the nanopipette.'” > > 2**7. However, this does not take
advantage of utilizing the nanopipette as a label-free single-molecule delivery vehicle.

Here, we address this fundamental gap and report on simultaneous label-free detection
and on-demand delivery of single DNA molecules with nanopipettes, with precise control of the
time of delivery and the number of delivered molecules. Molecular delivery is demonstrated
down to picomolar concentrations (<10® DNA molecules in sub-microliter volumes), advancing
high-sensitivity detection and delivery of unamplified samples using nanopipettes. Additionally,
molecules can be controllably transported back and forth prior to reaching the tip of the
nanopipette by using asymmetric voltage pulses, acting as an “on-off switch” for on-demand
molecular delivery. Ultimately, we envision applications in controllable delivery of individual

oligonucleotides (inside living cells), providing new insights in processes such as gene regulation

and infection, and single-molecule PCR, to mention a few examples.

Results and Discussion

A schematic of the principle behind the experiment is shown in Figure la. Quartz
nanopipettes were fabricated by laser-assisted pulling as described in the Methods section. The
nanopipettes used in this study had a resistance of 250+35 MQ (as measured in a low bias (—0.1
V; 0.1 V) regime in 0.1 M KCI, 10 mM Tris/EDTA, pH 8) and a nanopore diameter of 25+4 nm,
as determined by SEM (Fig. 1cb). All nanopipettes exhibited Zsoo mv//s00 mv = 1.6+0.4 (Fig. 1c),

consistent with the rectification behavior observed in negatively charged conical geometries.”>'



The nanopipettes were filled with (5 kbp or 10 kbp) double-stranded DNA solution and
Ag/AgCl electrodes were fitted both in the nanopipette (patch electrode) and in the external
reservoir containing only buffer (bath/ground electrode). Under these conditions, the negatively
charged DNA molecules inside the nanopipette migrate toward the inner electrode under positive
applied potentials and toward the tip of the nanopipette under negative potentials. In contrast to
traditional nanopore experiments where a constant DC voltage is applied, we used periodic
pulses of positive (V") and negative (V) potentials with durations ¢~ and ¢, respectively. This
allowed us to minimize clogging of the nanopipette,’> and importantly, to deliver individual
DNA molecules through the tip of the nanopipette in a controllable manner (schematic Fig. 1a).
We observed that in each pulse, the time between the application of V7~ and the detection of the
first translocation event (d7) was remarkably regular and could be controlled by varying the
magnitude of V7, V" and ¢'. Figure 2a shows representative time traces for voltage (V-f) and
current (/-f) during 500 seconds (24 consecutive delivery pulses) for delivery from one of the
DNA solution used (150 pM, 10 kbp DNA). During a V" pulse individual DNA molecules are
delivered and detected as transient changes of the ionic current as shown in Fig. 2b (zoomed in
views of several representative delivery events for 10 kbp and Skbp DNA are available in
Supporting Fig. 1). At 0.1 M KCI, the translocation of DNA through the tip of the nanopipette
elicits a temporary increase in the conductance rather than a decrease. This effect is due to
conducting counter ions that shield the negatively charged phosphate backbone of the
translocated DNA molecule, which has been observed before in similar ionic strength

conditions.****

The high reproducibility in the measured current between each delivery pulse can
be used to combine single-molecule detection statistics from each pulse in all event histograms.

Histograms and event scatter plots of peak current caused by translocations, A/ vs dwell time and



equivalent charge (integrated current area per translocation) vs dwell time are shown in Fig. 2c,
indicating that the most of the DNA molecules are in an unfolded state when being translocated
through the tip of the nanopipette.'> This is also in agreement with the observation of
translocation events as single steps in the ioninc current as shown in Supporting Fig. 1. Based on
calculations from the histogram fits, at /” = -300 mV the most probable dwell time was 0.6+0.2
ms with a mean equivalent charge of 18.0+4.1 fAs. Both values are in good agreement with
previously reported data for 10 kbp DNA molecules, albeit in those experiments DNA molecules
were translocated from the external reservoir to the inside of the nanopipette.*® *’

The reproducibility of the molecular delivery between individual pulses is illustrated in
Fig. 2d, 2e, and 2f for V7 = -200 mV, -300 mV and -400 mV, respectively. /-t traces of 15
representative V- pulses (5 for each potential) are shown in panels (i) in Fig. 2d, 2e, and 2f,
demonstrating a well-defined ‘time of arrival’ d7, for the delivery of the first molecule in each V"
pulse, with a small spread in the delivery time of approximately the same magnitude as the
average time between successive delivery events d¢. Panels (i1) in Fig. 2d, 2e, and 2f shows the
number of molecules delivered per pulse for 24 consecutive pulses (total duration of 500 s). The
average number of molecules delivered per pulse was 17.7+4.5 at V7 = -400 mV, 13.1 +3.3
molecules at 7 = -300 mV and 8.0 + 3.0 molecules at V7 = -200 mV. Panels (iii) illustrate the
controllable delivery of the first molecule with a histogram of d7 showing the distribution of the
time of the first event. The first molecule is delivered faster for higher V; for 10 kbp DNA
molecules with # = 6.4s and V" =500 mV, the time of the first event d7 was 2.9 +0 .6 s,
3.8+ 1.1 sand 6.2+0.9s for V' = -400 mV, -300 mV and -200 mV, respectively. All error
estimates are standard deviations. These results are not device-dependent in the sense that they

have been reproduced with over 30 nanopipettes fabricated with the same laser puller settings.



Experiments analogue to the ones shown in Fig. 2 have been performed for 5 and 10 kbp
DNA for a range of concentrations (3 pM to 1500 pM) and negative potentials V~ (-200 mV to -
500 mV). Scatter plots and histograms showing delivery and detection of 5 kbp DNA molecules
are available in Supporting Fig. 2. It was possible to reliably deliver and detect both 5 and 10 kbp
DNA molecules from concentrations as low as 3 pM (equal to 3 attomol of DNA sample in the
nanopipette volume of ~1 pul), demonstrating the suitability of the method for the delivery and
detection from ultra-small sample volumes, without the need of amplification. These results
indicate detection sensitivity that is directly comparable to ultra-low concentration detection (3.8
pM DNA) only accomplished with high salt gradients across the nanopore.* Multiple single-
molecule delivery data has been summarized in Supporting Fig. 3 as measurements of 5 and 10
kbp DNA capture rates as a function of J~ at concentrations varying from 3 pM to 1500 pM. To

avoid potential recapture of the already translocated DNA molecules,** **

a delay step of 0.6 s at
0 V was introduced between each delivery pulse (0.3 s before a V" pulse and after the V™ pulse).
Gershow and Golovchenko, have shown that the probability of recapture decreases dramatically
with the time elapsed before the application of a reverse potential (7" here).’* Indeed, recaptured
DNA molecules were not observed in the V' current time traces as show in Supporting Fig. 4.
The transport of DNA through the nanopipette under pulsed potentials can in the first
instance be described as the interplay of electrophoretic (EP) and electroosmotic (EO) forces,
where DNA molecules are pulled back and forth along the nanopipette. For the current
conditions the dominating force will be due to EP. In a V" pulse, the electroosmotic flow is
directed from the inside to the outside of the nanopipette, while EP pulls DNA molecules that are

already close to the tip towards the nanopipette interior. The DNA molecules, which are initially

randomly distributed inside the nanopipette, (except very close to the tip (~2 um), where they are



excluded, due to sterical restraints), get pulled along the nanopipette axis to a distance z from the
tip, depending on the duration of positive pulse ("). When a negative pulse 7~ is applied (at the
time r=¢") the electroosmotic flow is directed into the nanopipette, while EP moves the DNA
molecules towards the nanopore. For negative pulses with sufficiently long duration (r>d7), the
DNA molecules have enough time to travel the distance z to the nanopore followed by delivery.
This mechanism is the basis of the controllable delivery and was confirmed by fluorescence
imaging of labelled DNA at the nanopipette tip (Fig. 3, Supporting Fig. 5 and movie
DNATrans.avi in Supporting Information) and finite element simulations (Supporting Fig. 6), in
addition to the presented ionic current data.

To estimate the rate of transport of DNA in the nanopipette, the following approximate

expression is used:

I
Cy =%C+ch (1)

where Cr is the average number of DNA molecules passing a cross-section of the nanopipette
per second (equal to the average capture rate at the nanopore), C is the concentration of DNA in
the nanopipette, u.p is the electrophoretic mobility of the DNA, [ is the ion current, K the (bulk)
ion conductivity and Qe, the electroosmotic flow. This expression is based on the assumption of
having, on average, the same amount of DNA molecules passing each cross section of the
nanopipette. This is equivalent of having no local accumulation or depletion of DNA molecules
in the nanopipette, an assumption that is supported by fluorescence imaging of DNA in the
nanopipette (Fig. 3). Even if the concentration of ions close to the tip of the nanopipette is
changing under conditions of ion rectification, the concentration far from the tip should be

36, 37

independent of the sign of the applied voltage and the electric field in that region can be

estimated by 7/(AxK), where 4 is the cross-sectional area of the nanopipette in the studied region.



The exact values of the terms in eq (1) close to the tip might be different, and other forces such
as dielectrophoresis might also act on the DNA molecules in this region,’® but since the transport
of the DNA molecules is mainly taking place in the region far from the tip (see Supporting Fig. 8

and movie DNATrans.avi) this effect can mainly be neglected for the current experiments.

Finite element simulations were performed in COMSOL Multiphysics 4.3b to estimate /
and Q., under different applied voltages (c.f. the Methods section and the Supporting Fig. 6 and
7) for the same nanopipette geometry as measured optically and by SEM. The time to the first
event, d7, can, as a first approximation, be estimated by the following expression (see

Supporting Information for details):

(luep1+ + KQeo,+ )t

dTl = -
(Auepl— + KQeo,—) '

)

where the +/- signs indicate the ion current and the electroosmotic flow rate for the
positive/negative pulses. Inserting the simulated values for the ion current and the electroosmotic
flow (Supporting Fig. 6b,c) gives dT as a function of 7, V" and ¢ only. Figure 4a shows
experimentally measured dT for different ¥~ (for " = 500 mV and ¢" = 6.4 s) based on 643
delivery cycles for 5kbp and 10 kbp DNA molecules with a concentration of 30 pM and
150 pM. The experimentally measured d7 values were found to be in relatively good agreement
with the estimated values from eq (2) (dashed lines in Fig. 4a), showing an increase in the
delivery time with lower voltages V~ due to a lower flux of DNA in the nanopipette. However, eq
(2) does not describe the dependency of d7 with the concentration of DNA in the nanopipette
and the length of the DNA molecules, which from Fig. 4a is seen to have an effect on the
delivery time. To investigate this and to estimate the spread in the delivery times, we performed

time-dependent finite elements simulations of the delivery during a voltage cycle (for details see



Methods section and Supporting Fig. 8). The results of these simulations are shown as solid lines
in Fig. 4a (and Fig. 4c) and are in good agreement with the experimental values. The average
delivery time decreases when the concentration of DNA molecules increases (Fig. 4a). An
explanation to this behavior is that, due to the random distribution of DNA molecules in the
nanopipette at = 0, the DNA molecule closest to the tip of the nanopipette is on average further
away from the tip at # = 0 for lower concentrations compared to higher concentrations. These
DNA molecules will therefore travel further into the nanopipette during the positive voltage
pulse, and will exit the nanopipette at a later time d7 (see also Supporting Fig. S9). There will
also be a higher likelihood of a DNA molecule having diffused (a longer distance) towards the
tip of the nanopipette when the concentration is increased, thus resulting in a lower d7. This will
also be affected by the diffusivity of the molecule, which is why shorter (5Kb) DNA molecules

have slightly lower d7 than the longer (10Kb) DNA molecules (see Fig. 4a).

The time of delivery can also be adjusted by varying the positive pulse duration ¢'. Figure
4b provides a plot of dT values measured in 340 delivery cycles with V" = 500 mV, V" = -
300 mV and 7 = 21 s as a function of ¢ together with data from the time-dependent simulations,
showing an excellent agreement between experimental and simulated data. The value for dT is
initially increasing linearly with 7" as predicted from eq (2), in agreement between the measured
slope (dT/f" = 0.69+0.03) and the one calculated from eq (2) (d7/t" = 0.71). The delivery time is
decreasing at higher ¢ due to increased diffusion when the DNA is transported further into the
nanopipette. In summary, both the theoretical and experimental results demonstrate that, for a
constant value of V7, the precise time of the delivery of the first molecule can be controlled by

the duration of the positive potential /. While molecular delivery occurs when negative pulses
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are applied, decreasing the duration of the positive pulse ¢ results in quicker delivery of the first

molecule.

The number of DNA molecules delivered per pulse, N, is given by:

N=Cgli- -ar) 3)
Together with eqs (1) and (2), the number of molecules delivered in a negative pulse with a set
duration ¢ is proportional to the analyte concentration C. The number of delivered molecules can
be controlled by varying dT, V" (see Fig. 4c), V" or ¢ (see Fig. 4d). Fig. 4c shows that varying V"
has two effects: (i) an increase of J° results in a higher capture rate Cr (see eq (1)) thus
increasing the number of DNA molecules delivered and (ii) an increase in V" reduces the time dT
thus leading to a larger time (¢ - d7) for delivery and more DNA molecules being delivered.
Figure 4d shows the variation of the number of delivered DNA molecules with different values
of £. Since Cy is independent of ¢ (and ¢), as measured experimentally and shown in the inset in
Fig. 4d, the only time dependence in N is in the term (£ - d7) (see eq (3)). Since dT is
proportional to ¢ (as indicated by eq (2) and experimentally shown in Fig. 4b), the total number
of delivered molecules will also decrease linearly with " as shown in the experimental and the

theoretical data in Fig. 4d.

These findings further confirm that during alternating pulses DNA molecules are
transported back and forth close to the nanopipette tip and demonstrate that the potentials V" and
V7, as well as the pulse duration ¢*, can be used to actively control the delivery of a defined
number of DNA molecules. The control over dT can further be used for the precise delivery of
individual molecules in a single pulse. The negative pulse duration # can be set such that on

average only one molecule is delivered in a pulse (as shown in several consecutive pulses in Fig.
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5a). The latter is also demonstrated in Fig. 5b; to by; for three different combinations of ¢ and ¢
(with up to 75 delivery pulses each), chosen for values of d7 such that N = [ as predicted from
the time-dependent simulations and from eqs (2) and (3). It should be noted, that prior to
applying voltage pulses the DNA molecules are randomly distributed in the nanopipette and the
probability density function of finding a DNA molecule is assumed to be the same at all position
in the nanopipette. This will not be true close to the tip of the nanopipette (within ~2 um from
the tip), where in the absence of voltage pulses, the DNA molecules will be excluded due to
sterical constraints. Since the DNA molecules for the majority of the delivery cycle are further
away than this distance, this can be used as a first approximation. From the random distribution
of DNA in the nanopipette at # = 0 it is thus expected that the delivery should also contain a
spread in d7, and that the number of molecules being delivered after a time ¢ to follow a Poisson
distribution. Comparing experimental results versus simulated predictions based on Poisson
statistics for the number of molecules delivered per cycle for different combinations of ¢ and £,
generally shows good agreement, which states a maximum likelihood of one DNA molecule
being delivered of 1/e = 0.37. However, it should be mentioned that delivery situations also
occur, which are very unlikely based on Poisson statics. An example of this deviation is shown in
Fig. 5a where 13 single molecule delivery events out of 16 consecutive pulses are observed. The
likelihood of this occurring is less than 1 in 5000. It is thus possible that other effects, such as
confinement or steric exclusion at and near the tip of the nanopipette, can affect the delivery,
resulting in a higher likelihood of getting single delivery event than expected from Poisson

statistics.

Since dT is proportional to ¢, it is possible to deliver single molecules in a short pulse

with a low dT, just by varying ¢" (as can be seen from the pulse durations in Fig. 5b). Additional
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experimental data (plots of dT distribution and the number of molecules delivered per cycle) for
a constant ¢ (hence a constant dT), showing, as predicted, an increase of the number of

molecules delivered per cycle with increasing ¢, are available in Supporting Fig. 10.

The control over d7T can further be used in the regime r < d7, to repeatedly pulse
molecules in the nanopipette, back and forth close to the nanopore, without delivering the
molecule. Molecular delivery can thus be switched on-demand for # > d7, to deliver a specific
number of molecules (Fig. 5c;) or a single molecule by controlling d7 (Fig. 5c;). In principle, the
experimental regimes presented in Fig. 5a,cii can be combined to alternate between pulsing a
molecule close to the tip and on-demand delivery of a single molecule. This unique capabilities
of on-demand, switchable molecular delivery and simultaneous label-free detection can serve as
a particularly powerful tool in studies with living cells. The nanopipettes used in this work can
be integrated with ion conductance microscopy to scan (# < d7) the surface of living cells and
perform targeted delivery on demand (f > d7) in a cell area of choice. Another exciting
application is possibility of using the region inside the nanopipette, near the tip as an ultra-small
reaction volume,’” where small molecular populations are pulsed back and forth and interact with

each other, with the reaction products simultaneously delivered and detected by the nanopore.
Conclusions

In this article we showed controllable delivery of single DNA molecules with
simultaneous label-free detection. We demonstrated that even highly diluted unamplified
molecular populations can be efficiently delivered with control of the time of delivery of the first
molecule and the number of molecules delivered. We believe that these findings can open the

door to using nanopipettes as a single molecule delivery tool, which is expected to have a broad
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range of applications, including targeted delivery of nucleic acids, gene regulation, infection, and

single molecule PCR.

Methods

Nanopipette fabrication

Nanopipettes were fabricated using a P-2000 laser puller (Sutter Instrument Co) from
quartz capillaries with an outer diameter of 1.0 mm and an inner diameter of 0.5 mm (QF100-50-
7.5; Sutter Instrument Co).

Nanopipettes were fabricated using a two-line protocol: 1) HEAT: 575; FIL: 3; VEL: 35;
DEL: 145; PUL: 75, followed by 2) HEAT: 900; FIL: 2; VEL: 15; DEL: 128; PUL: 200. It
should be noted that the pulling protocol is instrument specific and there is variation between P-

2000 pullers.

DNA solutions

Double stranded DNA with lengths 5 kbp and 10 kbp and with a stock concentration of
500 pg/ml were obtained from New England Biolabs. DNA filling solutions (3 pM, 30 pM, 150
pM and 1500 pM) were prepared by serial dilution. The filling concentrations were cross-
checked with a NanoDrop 2000c UV-Vis spectrophotometer (Thermo Fisher Scientific Inc.).
Each nanopipette was filled once and used with only one solution. Nanopipettes once used in an

experiment were not reused.

Finite element simulations
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Finite element simulations were performed in COMSOL Multiphysics 4.3b to model the
electric field, the ion current and the electroosmotic flow in a nanopipette with Ry = 12 nm, 6 =

36,3
37 and for

3.5° and R; = 2Ry. Similar simulations have previously been done for nanopores
nanopipettes.’’ The geometry used for the simulations is shown in Supporting Fig. 6. The surface

charge of the nanopipette walls, o, was estimated for 0.1 M KCI (conductivity of K= 1.5 S/m)

as:
O =K¢, £, 4)

where « is the inverse Debye length, ¢, the relative permittivity of the solution, & the permittivity
of vacuum and { the zeta potential of the nanopipette walls. The zeta potential for glass in a 0.1
M K solution is approximately -30 mV (see ref.*’) resulting in a surface charge of -22 mC/m®.
COMSOL Multiphysics was also used to solve the time-dependent diffusion/transport equation
to in detail model the transport of DNA back and forth in the nanopipette during a voltage cycle
(see Supporting Fig. 6 and Fig 7 for the simulation geometry). The nanopipette was assumed to
be homogenously filled with DNA molecules at # = 0 and thus that the probability density
function, c, of finding the DNA was the same at any position in the nanopipette. The distribution
of ¢ was then determined at subsequent times and the molecular/probability flux of DNA out of
the nanopipette was calculated and used to determine the time of delivery of a single DNA
molecule, and the delivery probability. Further details on the simulations are given in the
Supporting Information together with theoretical formulas of how the simulated data was

converted into values of d7 and delivery probabilities.

Ionic current detection

15



The ion current was measured using a MultiClamp 700B or AxoPatch 200B patch-clamp
amplifier (Molecular Devices, USA) in “voltage clamp” mode. The signal was filtered using a
low-pass filter at 10 kHz and digitized with an Axon Digidata 1322A or Digidata 1440 at 50 kHz
rate and recorded using the software pClamp 8/10 (Molecular Devices). Data analysis was
carried out using a custom-written MATLAB analysis routine. The baseline current was
calculated via moving window for every 5 data points. Peak current was calculated as current

peak maximum after subtraction of the baseline current.

Fluorescence detection
The DNA stock solutions were labeled with YOYO-1 (Molecular Probes) at a ratio of 7.5
base pairs per dye molecule. Detection of DNA was achieved using a custom-built confocal

. . . . el 42
microscope with imaging capabilities.*"

Briefly, the excitation light from a 488 nm continuous
wave laser was expanded on the nanopipette tip using a 60 objective). Fluorescence originating
from DNA molecules transported along the tip and translocating through the nanopore was
collected by the same objective and directed to an electron multiplying CCD (emCCD) camera

(Cascade II, Photometrics). The camera has a pixel size of 16 pum, however, when used in

conjunction with the 60% objective, generates an effective pixel size of 266 nm.
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Figures
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Figure 1 | Controlled delivery with a nanopipette delivery system. a, Schematic illustration
showing the nanopipette delivery system. Positive (¥") and negative (V") voltage pulses are
applied for t* and 7, respectively. Single DNA molecules are delivered during a (¥7) pulse and
are detected as transient changes in the ion current. b, SEM images of the nanopipette tip (b;) and
the nanopore at the tip (b;). The scale bars are 250 um and 25 nm, respectively. The nanopipettes
had an inner half-cone angle of # =3.5° resulting in a high length to width ratio of the
nanopipette tip. ¢, Average /-V curves of 10 nanopipettes measured in 0.1 M KCI (black). The
average ionic resistance was R = 250435 MQ. All nanopipettes exhibited ion current rectification

with a ratio 1,y ,w/Ispo v = 1.620.4. The orange line is an /-V curve calculated by finite element

17



simulations in COMSOL Multiphysics by modeling the electric field, ion current and
electroosmotic flow in the nanopipette as described in the Methods section. The simulated

rectification ratio is I sy v/ Isgo v = 1.5.
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Figure 2 | Single molecule detection and delivery. a, /-t and V-# measurements of the first
500 s (24 delivery cycles) of 150 pM, 10 kbp DNA molecules, with 7" =500 mV, V" = -300 mV,
"=6.4sand f = 12.7s. b, (i) A magnified view of a single cycle showing the I- trace for V"
and V" pulses and (ii) and magnified view of the same current trace for J~ showing individual

delivery events. ¢, (i) Event scatter plots of peak current (after baseline subtraction) versus dwell
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time and (ii) equivalent charge vs dwell time for the 24 cycles show in a. At J7 = -300 mV the

most probable pore dwell time is 0.6 = 0.2 ms with a mean charge (integrated current area per
translocation) of 18.0 & 4.1 fAs, as calculated from the histogram fits. d,e,f (i) Representative /-¢

traces for delivery of 150 pM, 10 kbp DNA for V" = -200 mV, V" = -300 mV, V" = -400 mV,
respectively. For better visualization, the recordings were filtered digitally with a 1 KHz low-
pass filter (ii) Data points showing the number of delivered DNA molecules per cycle. The
orange solid line shows the average number of molecules delivered per cycle: 17.7+4.5
molecules at V= -400 mV, 13.1£3.3 molecules at /” = -300 mV and 8.0 = 3.0 molecules at J~ =
-200 mV (mean value + one standard deviation). (iii) Histogram showing the time distribution of
the first event in a delivery cycle for the 24 delivery cycles. The first molecule is delivered faster

at higher I~
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delivery t>dT

Figure 3 | Fluorescence imaging of DNA molecules at the nanopipette tip. a, Image of the tip
at the end of a positive pulse (at #'= 6.4 s) at ¥=F" = 500 mV, showing tip depletion of the
DNA molecules to a position z from the tip of the nanopipette. In repeating pulse cycles the
DNA molecules were pulled to the same position z (additional information is available in the
Supporting Fig. 5 and Supporting Fig. 9) b, Image of the tip at V=V =-300mV atr=5s (t =
11.4 s), DNA is delivered through the nanopore at the tip of the nanopipette. The DNA sample
was 1500 pM, 10 kbp, labeled with YOYO-1 fluorescent dye. All scale bars are 10 pm. A movie

DNATrans.avi demonstrating the delivery process is shown in the supporting information.
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Figure 4 | Controllable delivery of DNA molecules. The time of the first event d7 and the
number of molecules delivered in a pulse is accurately controlled by varying the potentials V"
and V" and the positive pulse duration ¢". a, Experimentally measured times of the first event as a
function of the applied potential V~ for 356 delivery pulses of 30 pM 10 kbp (orange triangles),
30 pM 5 kbp (red triangles), 150 pM 10 kbp (gray circles) and 150 pM 5 kbp DNA (green
circles). The curves show theoretical values of d7 from either time-dependent simulations (solid
lines; color coded the same as the experimental data) and from eq (2) (dashed line). Both
experiments and simulations have been carried out for positive pulses, ¥ = 500 mV and ¢ =

6.4 s. b Time of the first event as a function of ¢ for 150 pM 10 kbp DNA, with " = 500 mV
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and V7 = -300 mV. The solid line shows the predicted values of d7 from time-dependent finite
element simulations. The inset shows a histogram for the last data point (t" = 10.6 s) based on
168 consecutive measurements of d7. A total number of 5501 DNA molecules were delivered
over 5700 s. ¢, Number of molecules, &, delivered in a negative pulse with a fixed duration (£ =
12.7 s) for different negative pulse potentials V~ for of 30 pM 10 kbp (orange triangles), 30 pM
5 kbp (red triangles), 150 pM 10 kbp (gray circles) and 150 pM 5 kbp DNA (green circles), with
predicted values of d7T from eq (3), using eq (2) for d7, (dashed lines). d, Number of delivered
molecules per pulse (£ = 12.7 s) for different positive pulse durations (V" =500 mV and V" = -
300 mV). (inset) DNA capture rate measurements for different positive pulse durations ¢ for £ =
12.7 s (0) and £ = 21.0 s (0). The dashed lines are theoretical values from eq (3) using eq (2) to

calculate dT7.
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Figure 5 | Delivery of single DNA molecules. a, /-¢ trace showing 16 consecutive pulses (100 s
in total) illustrating delivery of single DNA molecules (top panel) and a blow up of the events
(lower panel) for 1500 pM 10 kbp DNA with V" =500 mV, V" =-300mV, { =3.2sand f =2.9
s. b, Representative /-t pulses for different /* and # combinations, showing single molecule
delivery in a pulse. Single molecules are delivered faster by using short . ¢, Switching

molecular delivery “on and off” on demand. Measured V-t and I-¢ pulses for 1500 pM, 10kbp
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DNA with V" =500 mV and ¥~ =-300 mV. The bottom panel shows the blown up /- trace. DNA
molecules are pulsed back and forth in the nanopipette close to tip opening without being
delivered when operated in the regime ¢ < d7T (first four cycles). Molecular delivery is then
achieved on-demand by switching to £ > dT. ¢; Multiple molecules are delivered on demand and

ci single molecule delivered in a pulse.
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