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R
apid single-molecule detection and
controllable single-molecule delivery
are two of the central themes of

modern nanotechnology. Unfortunately
these themes are often disconnected, parti-
cularly in environments which require
physiological and label-free conditions. A
class of versatile single-molecules detectors,
nanopores or nanopipets, has shown excep-
tional promise for label-free analysis of key
life components such as DNA, RNA, and
proteins1�10 but has not been used for
controllable delivery of biomolecular spe-
cies. 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 ave-
nues for the quantitative analysis of biolo-
gical, chemical, and physical phenomena on
an individual nonstatistical basis. However,
at the single molecule level, the analyte
transport (and detection) across the nano-
pore is typically a random process, resulting
in limited control on the transport of indivi-
dual 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.1,3 Analytes are
electrokinetically translocated through the
nanopore and are detected by transient
variations in the ionic current. A subclass
of nanopores, used in this work, is nanopi-
pets. Importantly, they can be rapidly and
inexpensively laser pulled from glass capil-
laries, resulting in a sharp tip constituting a
single nanopore, which can be used as
single-molecule label-free sensors,10�14 in
the same way as conventional solid-state
nanopores. Because of their high-aspect
ratio geometry and exceptionally sharp tips,
nanopipets offer an important advantage
over conventional nanopores as they can
be easily adapted for use in single cell
interrogation15,16 and as a macroscopic de-
livery vehicle for intracellular injection.17�22

To date, delivery ofmolecules has so far only
been quantified in close proximity to the tip
by using fluorescence spectroscopy.18,21,23

Real-time quantitative delivery of individual
molecules combined with label-free nano-
pore detection has yet to be achieved. In
fact nanopipets 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 nanopipet.10,12,13,24�27 However, this
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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 nanopipets in conjunction with asymmetric voltage pulses can be used for label-free

detection and delivery of single molecules through the tip of a nanopipet 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.
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does not take advantage of utilizing the nanopipet 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 nanopipets,
with precise control of the time of delivery and the
number of delivered molecules. Molecular delivery is
demonstrated down to picomolar concentrations
(<106 DNA molecules in submicroliter volumes), ad-
vancing high-sensitivity detection and delivery of
unamplified samples using nanopipets. Additionally,
molecules can be controllably transported back and
forth prior to reaching the tip of the nanopipet 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), provid-
ing 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 1a. Quartz nanopipets were fabri-
cated by laser-assisted pulling as described in the
Methods section. The nanopipets used in this study
had a resistance of 250( 35MΩ (as measured in a low
bias (�0.1 V; 0.1 V) regime in 0.1 M KCl, 10 mM Tris/
EDTA, pH 8) and a nanopore diameter of 25 ( 4 nm,
as determined by SEM (Figure 1b). All nanopipets

exhibited I�500mV/I500mV = 1.6 ( 0.4 (Figure 1c), con-
sistent with the rectification behavior observed in
negatively charged conical geometries.28�31

The nanopipets were filled with (5 kbp or 10 kbp)
double-stranded DNA solution andAg/AgCl electrodes
were fitted both in the nanopipet (patch electrode) and
in the external reservoir containing only buffer (bath/
ground electrode). Under these conditions, the nega-
tively charged DNA molecules inside the nanopipet
migrate toward the inner electrode under positive
applied potentials and toward the tip of the nanopipet
under negative potentials. In contrast to traditional
nanopore experiments where a constant dc voltage is
applied, we used periodic pulses of positive (Vþ) and
negative (V�) potentials with durations tþ and t�,
respectively. This allowed us to minimize clogging of
the nanopipet32 and, importantly, to deliver individual
DNA molecules through the tip of the nanopipet in
a controllable manner (schematic Figure 1a). We ob-
served that in each pulse, the time between the
application of V� and the detection of the first translo-
cation event (dT) was remarkably regular and could be
controlled by varying the magnitude of V�, Vþ, and tþ.
Figure 2a shows representative time traces for voltage
(V�t) and current (I�t) during 500 s (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
Figure 2b (zoomed in views of several representative

Figure 1. Controlled delivery with a nanopipet: (a) schematic illustration showing the nanopipet delivery system. Positive
(Vþ) and negative (V�) voltage pulses are applied for tþ and t�, respectively. Single DNAmolecules are delivered during a (V�)
pulse and are detected as transient changes in the ion current. (b) SEM images of the nanopipet tip (bi) and the nanopore at
the tip (bii). The scale bars are 250 μm and 25 nm, respectively. The nanopipets had an inner half-cone angle of θ = 3.5�
resulting in a high length to width ratio of the nanopipet tip. (c) Average I�V curves of 10 nanopipets measured in 0.1 M KCl
(black). The average ionic resistance was R = 250 ( 35 MΩ. All nanopipets exhibited ion current rectification with a ratio
I�500mV/I500mV = 1.6 ( 0.4. The orange line is an I�V curve calculated by finite element simulations in COMSOL Multiphysics
by modeling the electric field, ion current, and electroosmotic flow in the nanopipet as described in the Methods section.
The simulated rectification ratio is I�500mV/ I500mV = 1.5.
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delivery events for 10 kbp and 5 kbp DNA are available
in Figure S1 in the Supporting Information). At 0.1 M
KCl, the translocation of DNA through the tip of the
nanopipet elicits a temporary increase in the conduc-
tance rather than a decrease. This effect is due to con-
ducting counterions that shield the negatively charged
phosphate backbone of the translocated DNA mole-
cule, which has been observed before in similar ionic

strength conditions.24,33 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, ΔI vs. dwell time and equivalent charge
(integrated current area per translocation) vs. dwell
time are shown in Figure 2c, indicating that themost of

Figure 2. Single molecule detection and delivery. (a) I�t and V�t measurements of the first 500 s (24 delivery cycles) of
150 pM, 10 kbp DNAmolecules, with Vþ = 500mV, V� =�300mV, tþ = 6.4 s, and t� = 12.7 s. (b, i) A magnified view of a single
cycle showing the I�t trace for Vþ and V� pulses and (ii) and a magnified view of the same current trace for V� showing
individual delivery events. (c, i) Event scatter plots of peak current (after baseline subtraction) versus dwell time and (ii)
equivalent charge vs dwell time for the 24 cycles show in part a. At V� =�300mV, themost 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 I�t traces for delivery of 150 pM, 10 kbp DNA for V� = �200 mV, V� = �300 mV, and V� = �400 mV,
respectively. For better visualization, the recordingswerefiltered digitallywith a 1 kHz low-passfilter. (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 V� = �300 mV and 8.0 ( 3.0 molecules at
V�=�200mV (meanvalue( 1 standarddeviation). (iii) Histogramshowing the timedistributionof thefirst event in a delivery
cycle for the 24 delivery cycles. The first molecule is delivered faster at higher V�.
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the DNA molecules are in an unfolded state when
being translocated through the tip of the nanopipet.12

This is also in agreement with the observation of
translocation events as single steps in the ionic current
as shown in Figure S1 in the Supporting Information.
On the basis of calculations from the histogram fits,
at V� = �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 nanopipet.26,27

The reproducibility of the molecular delivery be-
tween individual pulses is illustrated in Figure 2d�f
for V� = �200 mV, �300 mV, and �400 mV, respec-
tively. I�t traces of 15 representative V� pulses (5 for
each potential) are shown in panels (i) in Figure 2d�f,
demonstrating a well-defined “time of arrival” dT, 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 succes-
sive delivery events δt. Panels (ii) in Figure 2d�f show
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 V� = �400 mV, 13.1 ( 3.3 molecules at
V�=�300mVand8.0(3.0molecules atV�=�200mV.
Panels (iii) illustrate the controllable delivery of the first
molecule with a histogram of dT showing the distribu-
tion of the time of the first event. The first molecule is
delivered faster for higher V; for 10 kbp DNA molecules
with tþ = 6.4 s and Vþ = 500 mV, the time of the first
event dT was 2.9 ( 0.6 s, 3.8 ( 1.1 s, and 6.2 ( 0.9 s 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 nanopipets fabricated
with the same laser puller settings.
Experiment analogues to the ones shown in Figure 2

have been performed for 5 and 10 kbp DNA for a range
of concentrations (3 pM to 1500 pM) and negative
potentials V� (�200mV to�500mV). Scatter plots and
histograms showing delivery and detection of 5 kbp
DNA molecules are available in Figure S2 in the Sup-
porting Information. 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 amol of DNA
sample in the nanopipet volume of ∼1 μL), demon-
strating the suitability of the method for the delivery
and detection from ultrasmall sample volumes, with-
out the need of amplification. These results indicate
detection sensitivity that is directly comparable to
ultralow concentration detection (3.8 pM DNA) only
accomplished with high salt gradients across the
nanopore.4 Multiple single-molecule delivery data
has been summarized in Figure S3 in the Supporting

Information as measurements of 5 and 10 kbp DNA
capture rates as a function of V� at concentrations
varying from 3 pM to 1500 pM. To avoid potential
recapture of the already translocated DNA mole-
cules,34,35 a delay step of 0.6 s at 0 V was introduced
between each delivery pulse (0.3 s before a Vþ pulse
and after the V� pulse). Gershow and Golovchenko
have shown that the probability of recapture decreases
dramatically with the time elapsed before the applica-
tion of a reverse potential (Vþ here).34 Indeed, recap-
tured DNA molecules were not observed in the Vþ

current time traces as show in Figure S4 in the Support-
ing Information.
The transport of DNA through the nanopipet under

pulsed potentials can in the first instance be described
as the interplay of electrophoretic (EP) and electroos-
motic (EO) forces, where DNA molecules are pulled
back and forth along the nanopipet. For the current
conditions the dominating force will be due to EP. In a
Vþ pulse, the electroosmotic flow is directed from the
inside to the outside of the nanopipet, while EP pulls
DNAmolecules that are already close to the tip toward
the nanopipet interior. The DNA molecules, which are
initially randomly distributed inside the nanopipet,
(except very close to the tip (∼2 μm), where they are
excluded, due to sterical restraints), get pulled along
the nanopipet axis to a distance z from the tip,
depending on the duration of the positive pulse (tþ).
When a negative pulse V� is applied (at the time t = tþ)
the electroosmotic flow is directed into the nanopipet,
while EP moves the DNA molecules toward the
nanopore. For negative pulses with sufficiently long
duration (t� > dT), the DNA molecules have enough
time to travel the distance z to the nanopore followed
by delivery. This mechanism is the basis of the con-
trollable delivery and was confirmed by fluorescence
imaging of labeled DNA at the nanopipet tip (Figure 3,
Figure S5 and the movie in the Supporting Informa-
tion) and finite element simulations (Figure S6 in the
Supporting Information), in addition to the presented
ionic current data.
To estimate the rate of transport of DNA in the

nanopipet, the following approximate expression is
used:

CR ¼ μepI

K
CþQeoC (1)

where CR is the average number of DNA molecules
passing a cross-section of the nanopipet per second
(equal to the average capture rate at the nanopore),C is
the concentration of DNA in the nanopipet, μep is the
electrophoretic mobility of the DNA, I is the ion current,
K the (bulk) ion conductivity, and Qeo the electroosmo-
tic flow. This expression is based on the assumption of
having, on average, the same amount of DNA mole-
cules passing each cross section of the nanopipet.
This is the equivalent of having no local accumulation
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or depletion of DNA molecules in the nanopipet, an
assumption that is supported by fluorescence imaging
of DNA in the nanopipet (Figure 3). Even if the con-
centration of ions close to the tip of the nanopipet is
changing under conditions of ion rectification, the
concentration far from the tip should be independent
of the sign of the applied voltage36,37 and the electric
field in that region can be estimated by I/(A� K), where
A is the cross-sectional area of the nanopipet 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,38 but since the transport
of the DNA molecules is mainly taking place in
the region far from the tip (see Figure S8 and movie
in the Supporting Information) this effect can be
neglected for the current experiments.
Finite element simulations were performed in COM-

SOL Multiphysics 4.3b to estimate I and Qeo under
different applied voltages (cf. the Methods section and
Figures S6 and S7 in the Supporting Information) for
the same nanopipet geometry as measured optically
and by SEM. The time to the first event, dT, can, as a first
approximation, be estimated by the following expres-
sion (see the Supporting Information for details):

dT ¼ � (μepIþ þ KQeo, þ )

(μepI� þ KQeo, �)
tþ (2)

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 (Figure S6b,c in
the Supporting Information) gives dT as a function of
V�, Vþ and tþ only. Figure 4a shows experimentally
measured dT for different V� (for Vþ = 500mV and tþ =
6.4 s) based on 643 delivery cycles for 5 kbp and 10 kbp
DNA molecules with a concentration of 30 pM and
150 pM. The experimentally measured dT values were
found to be in relatively good agreement with the
estimated values from eq 2 (dashed lines in Figure 4a),
showing an increase in the delivery time with lower
voltages V� due to a lower flux of DNA in the nano-
pipet. However, eq 2 does not describe the depen-
dency of dT with the concentration of DNA in the
nanopipet and the length of the DNAmolecules, which
from Figure 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 the Methods section and
Figure S8 in the Supporting Information). The results of
these simulations are shown as solid lines in Figure 4a
(and Figure 4c) and are in good agreement with the
experimental values. The average delivery time de-
creases when the concentration of DNA molecules
increases (Figure 4a). An explanation to this behavior
is that, due to the random distribution of DNA mole-
cules in the nanopipet at t = 0, the DNA molecule
closest to the tip of the nanopipet is on average further
away from the tip at t = 0 for lower concentrations
compared to higher concentrations. These DNA mol-
ecules will therefore travel further into the nanopipet
during the positive voltage pulse and will exit the
nanopipet at a later time dT (see also Figure S9 in the
Supporting Information). There will also be a higher
likelihood of a DNAmolecule having diffused (a longer
distance) toward the tip of the nanopipet when the
concentration is increased, thus resulting in a lower dT.
This will also be affected by the diffusivity of the
molecule, which is why shorter (5 kbp) DNA molecules
have slightly lower dT than the longer (10 kbp) DNA
molecules (see Figure 4a).
The time of delivery can also be adjusted by varying

the positive pulse duration tþ. Figure 4b provides a plot
of dT values measured in 340 delivery cycles with Vþ =
500mV, V� =�300mV, and t� = 21 s as a function of tþ

together with data from the time-dependent simula-
tions, showing an excellent agreement between ex-
perimental and simulated data. The value for dT
is initially increasing linearly with tþ as predicted
from eq 2, in agreement between the measured slope
(dT/tþ = 0.69( 0.03) and the one calculated from eq 2
(dT/tþ = 0.71). The delivery time is decreasing at higher
tþ due to increased diffusion when the DNA is trans-
ported further into the nanopipet. In summary, both
the theoretical and experimental results demonstrate
that, for a constant value of V�, the precise time of the

Figure 3. Fluorescence imaging of DNA molecules at the
nanopipet tip. (a) Image of the tip at the end of a positive
pulse (at tþ = 6.4 s) at V = Vþ = 500 mV, showing tip
depletion of the DNA molecules to a position z from the
tip of the nanopipet. In repeating pulse cycles, the DNA
molecules were pulled to the same position z (additional
information is available in Figures S5 and S9 in the Support-
ing Information). (b) Image of the tip at V = V� =�300mV at
t�=5 s (t=11.4 s), DNA is delivered through the nanopore at
the tip of the nanopipet. The DNA sample was 1500 pM,
10 kbp, labeled with YOYO-1 fluorescent dye. All scale bars
are 10 μm. A movie demonstrating the delivery process is
available in the Supporting Information.
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delivery of the first molecule can be controlled by the
duration of the positive potential tþ. While molecular
delivery occurs when negative pulses are applied,
decreasing the duration of the positive pulse tþ results
in quicker delivery of the first molecule.
The number of DNA molecules delivered per pulse,

N, is given by

N ¼ CR(t
� � dT) (3)

Together with eqs 1 and 2, the number of molecules
delivered in a negative pulse with a set duration t� is
proportional to the analyte concentration C. The num-
ber of delivered molecules can be controlled by vary-
ing dT, V� (see Figure 4c), Vþ or tþ (see Figure 4d).
Figure 4c shows that varying V� has two effects: (i) an
increase of V� 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 (t� � dT) for delivery and
more DNAmolecules being delivered. Figure 4d shows
the variation of the number of delivered DNA mol-
ecules with different values of tþ. Since CR is indepen-
dent of tþ (and t�), as measured experimentally and
shown in the inset in Figure 4d, the only time depen-
dence inN is in the term (t�� dT) (see eq 3). Since dT is
proportional to tþ (as indicated by eq 2 and experi-
mentally shown in Figure 4b), the total number of
delivered molecules will also decrease linearly with tþ

as shown in the experimental and the theoretical data
in Figure 4d.
These findings further confirm that during alternat-

ing pulses DNA molecules are transported back and
forth close to the nanopipet tip and demonstrate that
the potentials Vþ and V�, as well as the pulse duration
tþ, can be used to actively control the delivery of a
defined number of DNAmolecules. The control over dT

Figure 4. Controllable delivery of DNA molecules. The time of the first event dT and the number of molecules delivered in a
pulse is accurately controlled by varying the potentials Vþ and V� and the positive pulse duration tþ. (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 dT from either time-dependent simulations (solid lines; color coded the same as the experimental data)
and fromeq2 (dashed line). Both experiments and simulations havebeen carried out for positive pulses,Vþ=500mVand tþ=
6.4 s. (b) Time of the first event as a function of tþ for 150 pM 10 kbp DNA, with Vþ = 500mV and V� =�300mV. The solid line
shows the predicted values of dT from time-dependent finite element simulations. The inset shows a histogram for the last
data point (tþ = 10.6 s) based on 168 consecutivemeasurements of dT. A total number of 5501 DNAmoleculeswere delivered
over 5700 s. (c) Number of molecules, N, delivered in a negative pulse with a fixed duration (t� = 12.7 s) for different negative
pulse potentials V� 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 dT from eq 3, using eq 2 for dT, (dashed lines). (d) Number of delivered
molecules per pulse (t�=12.7 s) for different positive pulse durations tþ (Vþ=500mVandV�=�300mV). (inset) DNA capture
rate measurements for different positive pulse durations tþ for t� = 12.7 s (gray circles) and t� = 21.0 s (orange circles).
The dashed lines are theoretical values from eq 3 using eq 2 to calculate dT.

A
RTIC

LE



IVANOV ET AL. VOL. 9 ’ NO. 4 ’ 3587–3595 ’ 2015

www.acsnano.org

3593

can further be used for the precise delivery of indivi-
dual molecules in a single pulse. The negative pulse
duration t� can be set such that on average only one
molecule is delivered in a pulse (as shown in several
consecutive pulses in Figure 5a). The latter is also
demonstrated in Figure 5bi to biii for three different
combinations of tþ and t� (with up to 75 delivery
pulses each), chosen for values of dT such that N = 1
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 ran-
domly distributed in the nanopipet and the probability
density function of finding a DNAmolecule is assumed
to be the same at all position in the nanopipet. This will
not be true close to the tip of the nanopipet (within
∼2 μm 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 nanopipet
at t = 0, it is thus expected that the delivery should
also contain a spread in dT and that the number of

molecules being delivered after a time t� should follow
a Poisson distribution. Comparing experimental results
versus simulated predictions based on Poisson statis-
tics for the number of molecules delivered per cycle
for different combinations of tþ and t� 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 situa-
tions also occur, which are very unlikely based on
Poisson statics. An example of this deviation is shown
in Figure 5a where 13 single molecule delivery events
out of 16 consecutive pulses are observed. The like-
lihood 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 nanopipet,
can affect the delivery, resulting in a higher likelihood
of getting a single delivery event than expected from
Poisson statistics.
Since dT is proportional to tþ, it is possible to deliver

single molecules in a short pulse with a low dT, just by
varying tþ (as can be seen from the pulse durations in
Figure 5b). Additional experimental data (plots of dT
distribution and the number of molecules delivered

Figure 5. Delivery of single DNAmolecules. (a) I�t trace showing 16 consecutive pulses (100 s in total) illustrating delivery of
single DNAmolecules (top panel) and a blow up of the events (lower panel) for 1500 pM 10 kbp DNAwith Vþ = 500mV, V� =
�300mV, tþ=3.2 s, and t�=2.9 s. (b) Representative I�t pulses for different tþ and t� combinations, showing singlemolecule
delivery in a pulse. Single molecules are delivered faster by using short tþ. (c) Switching molecular delivery “on and off” on
demand. Measured V�t and I�t pulses for 1500 pM, 10 kbp DNA with Vþ = 500 mV and V� = �300 mV. The bottom panel
shows the blown up I�t trace. DNA molecules are pulsed back and forth in the nanopipet close to the tip opening without
being delivered when operated in the regime t� < dT (first four cycles). Molecular delivery is then achieved on-demand by
switching to t� > dT. (ci) Multiple molecules are delivered on demand and (cii) single molecule delivered in a pulse.
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per cycle) for a constant tþ (hence a constant dT),
showing, as predicted, an increase of the number of
molecules delivered per cycle with increasing t�, are
available in Figure S10 in the Supporting Information.
The control over dT can further be used in the

regime t� < dT, to repeatedly pulse molecules in the
nanopipet, back and forth close to the nanopore,
without delivering the molecule. Molecular delivery
can thus be switched on-demand for t� > dT, to deliver
a specific number of molecules (Figure 5ci) or a single
molecule by controlling dT (Figure 5cii). In principle,
the experimental regimes presented in Figure 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 nanopipets used in this
work can be integrated with ion conductance micro-
scopy to scan (t� < dT) the surface of living cells and

perform targeted delivery on demand (t� > dT) in a cell
area of choice. Another exciting application is the
possibility of using the region inside the nanopipet,
near the tip as an ultrasmall reaction volume,39 where
small molecular populations are pulsed back and forth
and interact with each other, with the reaction products
simultaneously delivered anddetectedby thenanopore.

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
deliveredwith 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
nanopipets as a single molecule delivery tool, which is
expected to have a broad range of applications, in-
cluding targeted delivery of nucleic acids, gene regula-
tion, infection, and single molecule PCR.

METHODS
Nanopipet Fabrication. Nanopipets were fabricated using a

P-2000 laser puller (Sutter Instrument Co) fromquartz capillaries
with an outer diameter of 1.0 mm and an inner diameter of
0.5 mm (QF100-50-7.5; Sutter Instrument Co).

Nanopipets 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 μg/mL were
obtained fromNewEngland 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 nanopipet was filled once and used with only one solution.
Nanopipets once used in an experiment were not reused.

Finite Element Simulations. Finite element simulations were per-
formed in COMSOL Multiphysics 4.3b (COMSOL AB) to model the
electric field, the ion current, and the electroosmotic flow in a
nanopipetwithR0=12nm,θ=3.5�, andR1=2R0. Similar simulations
have previously been done for nanopores36,37 and for nanopipets.31

The geometry used for the simulations is shown in Figure S6 in the
Supporting Information. The surface charge of the nanopipet walls,
σ, was estimated for 0.1 M KCl (conductivity of K≈ 1.5 S/m) as

σ ¼ Kεrε0ζ (4)

where κ is the inverse Debye length, εr the relative permittivity of
the solution, ε0 the permittivity of vacuum, and ζ the zeta potential
of the nanopipet walls. The zeta potential for glass in a 0.1 M Kþ

solution is approximately�30mV (see ref 40) resulting in a surface
charge of �22 mC/m2. COMSOL Multiphysics was also used to
solve the time-dependent diffusion/transport equation to in detail
model the transport ofDNAback and forth in thenanopipetduring
a voltage cycle (see Figures S6 and S7 in the Supporting Informa-
tion for the simulation geometry). The nanopipet was assumed to
behomogeneously filledwithDNAmolecules at t=0and thus that
theprobability density function, c, of finding theDNAwas the same
at any position in the nanopipet. The distribution of c was then
determined at subsequent times, and the molecular flux of DNA
out of the nanopipet 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 dT and delivery
probabilities.

Ionic Current Detection. The ion current was measured using a
MultiClamp 700B or AxoPatch 200B patch-clamp amplifier
(Molecular Devices) 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 a 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 viamoving
window for every 5 data points. Peak current was calculated as
current peakmaximumafter 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 microscope with imaging capabilities.41,42 Briefly,
the excitation light from a 488 nm continuous wave laser was
expanded on the nanopipet tip using a 60� objective). Fluo-
rescence 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 μm, however, when used in conjunction with the
60� objective, generates an effective pixel size of 266 nm.
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