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Rapid single-molecule detection and controllable single-maedeilivery are two of the
central themes of modern nanotechnology. Unfortunately theseethare often disconnected,
particularly in environments which require physiological areeldree conditions. A class of
versatile single-molecules detectors - nanopores, has séwoeaptional promise for label-free
analysis of key life components such as DNA, RNA, and prrisut has not been used for
the controllable delivery of biomolecular species, partially e stochastic (random) nature
of the transport of analyte through the nanopore. Here, we adthemitation and report on
simultaneous label-free detection and concentration indepeifdenistochastic) on-demand
delivery of single DNA molecules with nanopores, with precisetrol of the time of delivery
and the number of delivered molecules. Molecular delivery is ddnated down to picomolar
concentrations (<EIDNA molecules in sub-microliter), advancing high-sensitidiggection and
delivery of unamplified samples with nanopores. Additionally, eooles can be controllably
transported back and forth to the nanopore by using asymmgetimetry and voltage pulses,
acting as “on-off switch” for molecular delivery on-demand. We envision applications in
controllable delivery of individual oligonucleotides (inside rigicells), providing new insights

in processes such as gene regulation and infection, and single-m&€&il¢éo name a few.

In a typical nanopore label-free detection, two ionic resenaresconnected via a nanoscale
pore. Voltage is applied across the nanopore to generatedg-stage ionic current that depends

on the pore dimensions, charge, and the ionic strength of dlmsbioa

Analytes are
electrokinetically translocated through the nanopore andletected by transient variations in
the ionic current. A sub-class of nanopores, used in this werkanopipettes. Nowadays,

nanopippetes are rapidly and inexpensively laser pulled frons gksillaries, resulting in a



sharp tip with a single nanopore, which can be used as simgézule label-free senjust
like conventional solid-state nanopores. Because of their Iigéea ratio geometry and
exceptionally sharp tips, nanopippetes offer an important advantageamwentional nanopores

and can be used for single cell interrog and as a macroscopic delivery vehicle for

intracellular injectic1|"12'16 However, measurements of the concentration of delivered molecules

have so far only been quantified only in the proximity of thebyifluorescen Sﬁlwf and real-

time quantitative delivery of individual molecules combinethwabel-free nanopore detection
has yet not been achieved. In fact for label-free detectiomgpigetes are used exclusively as

analytical platforms of molecules that have been trangpdroen the outside reservoir to the

g

inside of the nanopipet11; 182 without utilizing the advantages of using nanopipettes as a

delivery vehicle of molecular species. We here show thatalss possible to label-free detect
and deliver, molecules from the inside of the nanopipeita precise manner, with single-
molecule control.

A schematic of the principle behind the experiment is showRigure la,b. Quartz
nanopipettes were fabricated by laser-assisted pullingssibded in the Methods section. The
nanopipettes used in this study had a resistance of 25B#35(in 0.1 M KCI, 10 mM
TrislEDTA, pH § and a nanopore diameter of 25+4 nm, as determined by SEM (FigAllLc
nanopipettes exhibited rectificatiofsoo mv/Is00 mv = 1.64+0.40 (Fig. 1d), consistent with the ion
depletion and accumulation model described by Lan et. al for negatively charged conical
geometries

The nanopipettes were filled witb kbp or 10 kbp) double-stranded DNA solution and
Ag/AgCI electrodes were fitted both in the nanopipette (waylelectrode) and in the external

reservoir containing only buffer (ground/reference electrode). Undee tkhenditions, the



negatively charged DNA molecules inside the nanopipette raigoatard the inner electrode
under positive applied potentials and toward the nanopore nedative potentials. In contrast
to traditional nanopore experiments where a constant DCgeolsaapplied, we used periodic
cycles of positive (V) and negative (Y potential pulses with duration$ and t, respetively
This allowed us to minimize nanopore clogging and impostantideliver individual molecules
though the nanopore in a non-stochastic manner (Fig. 1a,bdb¥éeved that in each cycle, the
time between the application of the negative bias and the detedtihe first translocation event
(dT) was remarkably regular and could be controlled by varying the rdgnitf V, V" and t.
Figure 2a shows representative time traces for voltagegnét current (13tfor 500 seconds (24
consecutive delivery cycles) for 150 pM, 10 kbp DNA. During "gpMse individual DNA
molecules are delivered and detecésdransient changes of the ionic current as shown in Fig.
2b. At 0.1 M KCI, the translocation of DNA through the nanomiats a temporary increase in
the conductance rather than a decrease. This effect is duediacting counter ions that shield

the negatively charged phosphate backbone of the translocated DNAutepwhich has been

observed before in similar ionic strength condit|&§fSl The high reproducibility in the measured

current between each cycle can be used to combine singéeut®ldetection statistics from
each cycle in all event histograms. Histograms and evetiesgdots of peak current versus
dwell time and equivalent charge (integrated current area peroatish) vs dwell time are
shown in Fig. 2c indicating that the 10 kbp DNA is in an utddlstate when being translocated
through the nanoporgAt V' = -300mV the most probable nanopore dwell time.6+0.2 ms
with a mean equivalent charge of 17.4+3.1 fAs, which were calculated frerhiskogram fits

both values being in good agreement with previously reportedatat@ kbp DNA translocated

from the external reservoir to the inside of the nanopipétte.

{




Figure 2d illustrates single molecule delivery cycle reprdulityi for two negative
voltages of V= -200mV and V = -400mV, respectively. Five representative I-t traces are
shown for both potentials with non-stochastictime of arrival’ of the first molecule in each
cycle with the remainder of events showing expectedly attith behavior with the time
between successive events bedng< dT. Figure 2eshows the number of molecules delivered
per cycle for 24 consecutive cycl¢s500s recording). The average number of molecules
delivered per cycle was 17.7+4.5 at%/-400mV, 13.1+3.3 molecules at" ¥ -300 mV and
8.0£3.0 molecules at"\* -200 mV. Importantly, Fig. 2ellustrates the non-stochastic delivery
with a histogram of dT for each cycle showing the distributibthe time of the first event. The
first molecule is delivered faster for higher For 10 kbp DNA with t = 6.4 s and ¥=500mV
the time to the first event is &= -a00mv = 3.0+0.5 s, dV- = -300mv = 3.8+1.1sand dW- = -200mv =
6.1+0.9 s. These results are not device-dependent as they have redoaed with different
nanopipettes.

Experiments analogues to the ones shown in Fig. 2 have been performaadat®kbp
DNA for a range of concentrations (3 pM to 156M) and negative potentials ¥200 mVto -
500mV). Scatter plots and histograms showing delivery and deteatibrkbp DNA molecules
are available irSupplementary Fig. 1. Importantly, it was possible to reliably deliver ancedet
both 5 and 10 kbp DNA from concentrations as low as 3 pM (equadttor®ol of DNA sample
in the nanopipette volume ofpdl), demonstrating the applicability of the method for the delivery
and detection from ultra-small samples sizes without tlesl mé amplification These results

indicate a detection sensitivity that is up to three ordémmagnitude higher compared to the

nanopipete Iiteratur§||1E 2dandis directly comparable to ultra-low concentration detec{®8

pM DNA) only accomplished with the usage of high salt gradiemss the nanoptﬁr.



Multiple single molecule delivery data has been summéringhe Supporting Information as
measurements of 5 and 10 kbp DNA capture ratesfasction of V at concentrations varying
from 3 pM to 1500 pMS{upplementary Fig. 2).

The transport of DNA through the nanopipette can in the firstance be seen as
interplay of electrophoretic (EP) and electroosmotic (EO) forBesing a V' pulse, for the
guartz nanopipettes used in our experimentsgltfieroosmotic flow is directed from the outside
to the inside of the nanopipette, while EP pulls DNA mdles from the nanopipette interior to
the outside. In a Vpulse the opposite occurde electroosmotic flow is directed out of the
nanopipette, while EP pulls the DNA molecules further insidieder negative (Y potentials
DNA molecules are uncoiled and threaded inside the tip, andr pusbitive (V) potential the
DNA is pulled inside the nanopipette where it recdils estimate the rate of transport of DNA

in the nanopipette, the following approximate expression is used:

|
v crq.C (1)

Ck = K

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 nanopipette tip), C is the concentration of
DNA in the nanopipette, iep is the electrophoretic mobility of the DNA, 7 is the ion current, K
the (bulk) ion conductivity and Qeo the electroosmotic flow. This expression is based on the
assumption of having, on average, the same amount of DNA passing each cross section of the
nanopipette. Even if the concentration of ions close to the tip of the nanopipette is expected to
change under conditions of ion rectification, the concentration far from the tip should be
independent of the sign of the applied Voltagand the electric field in that region can then be

estimated by //K. The meaning of the terms in eq (1) close to the tip might be different, but does



not need to be considered to estimate Cr. Other forces such as dielectrophoresis might also act
on the DNA close to the tip of the pipette at eIevatedage but this effect does not seem to
dominate the transport of DNA in the present experimemtshas thus been neglected from the

analysis.

Finite element simulations were performed in COMSOL Multiphysics 4.3b to estimate /
and Qeo under different applied voltages (c.f. the Methods section and Supplementary Fig. 3) for
the same nanopipette geometry as measured optically and by SEM. The time to the first event,

dT, depends in this simplified model only on the three parameter V", V- and " as:

1. +KQ,,.)

dT=-
(/uepl -t KQeo,») '

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 (Supplementary Fig. 3b,c) gives dT as a function of YV and t only. Figure3ashows the
values of dT predicted for different Yfor V- = 500 mV and™t= 6.4 9, which are in excellent
agreement with the experimental values consisting of 643 deloyeles for 5 kbp and 10 kbp
DNA molecules witha concentration of 30 pM and 150 pM. As seen in(2 dT should be
independent of molecular length and concentration (for the panavadtes used in this work),
which also was confirmed by experiments fokbp and 10 kbp DNA within a concentration

range of 3 pM to 1500 pM (see Fig. 3a &ugplementary Fig. 4).

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

N=Cglt —dT) 3)



Together with eqs (1) and (2) it is thus observed that the nuaflb@olecules delivered in a
negative pulse with a set duration is proportional to the analyte concentration C and the
number of delivered molecules can be controlled by varying d7T and in turn, by varying V' (see
Fig. 3b), V or t". The latter is demonstrated by experimental and siealdata in Fig. 3b
which shows N at different values of. ¥quations (2) and (3) also predict a linear relationship
between dT and the positive pulse duration ¢*. This was confirmed experimentally where " was
varied in 340 delivery cycles for V¥ = 500mV, V© = -300 mV and + = 21 s (see Fig. 3c). The
value of the slope of the experimental data is d7/f" = 0.69+0.03 which is in an excellent
agreement with the theoretical predicted slope of d7/t" = 0.71. Both the theoretical and
experimental results demonstrate that for a constant value of V* 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 are applied, decreasing the duration of the positive pulse ¢*

results in quicker delivery of the first molecule.

Additionally, for fixed values of V~ and ¢, the total number of delivered molecules per
pulse is controlled by ¢* (see Fig. 3d). Cr is independent of " and ¢ (as measured experimentally
and shown in the inset in Fig. 3d) and the only time dependence in N is thus in the term (¢ - d7)
(see eq (3)). Since dT is proportional to ¢ (as given by eq (2) and experimentally shown in Fig.
3c¢), the total number of delivered molecules varies linearly decrease with " as shown both in the

experimental and the simulated data in Fig. 3d.

Importantly, these findings confirm that during alternating pulses DNA molecules are
transported back and forth close to the nanopipette tip and demonstrate that the potentials 7* and
J7, as well as the pulse duration ¢*, can be used to actively control the delivery of a defined

number of DNA molecules. The stochastic control over d7 can further be used for precise



delivery of individual molecules in a single cycle. Based on eq (3) the negative pulse duration ¢
can be set such that on average only one molecule is delivered in a pulse (as show in several
consecutive cycles in Fig. 4a). The latter is also demonstrated in Fig. 4bi to biii for three different
combinations of " and ¢ (with up to 75 cycles each), chosen for values of dT such that N = [ as
predicted from eqs (2) and (3). Note, that since d7 is proportional to ¢ it is possible to deliver
single molecules quickly in a short pulse with low d7, just by varying ¢* (as can be seen from the
pulse durations in Fig. 4b). Figure 4ciiy shows the distribution of the number of molecules
delivered in a cycle for each of the " and + combinations. Additional experimental data (plots of
dT distribution and the number of molecules delivered per cycle) for a constant ¢* (hence a
constant d7), showing, as predicted, an increase of the number of delivered molecules per cycle

with increasing ¢, are available in Supplementary Fig. 5.

The control over dT can further be used to pulse molecules in the pipette tip close to the
nanopore and back without delivering the moleeien in the regime & dT.Molecular delivery
can thus be switched on-demandtfor dT(as shown in Fig. 4d) to deliver a specific number of
molecules. In principle, the experimental regimes presented in Fig. 4a,d can be combined to

alternate between pulsing a molecule in the tip and on-demand delivery of a single molecule.

The unique capabilities of on-demand, switchable molecular delivery and simultaneous
label-free detection can be a particularly powerful tool in studies with living cells. The
nanopippettes used in this work can be readily integrated with ion conductance microscopy to
scan the surface of living cells and perform targeted delivedearand in a cell area of choice
Another exciting application is using the nanopipette tiprasltra-small reaction volume where
small molecular populations are pulsed back and forth and é¢btetth each other, with the

reaction products simultaneously desecind delivered by the nanopore.



In this letter we showed controllable (non-stochastic) delieésingle DNA molecules
with simultaneous label-free detection. We demonstrateetra highly diluted unamplified
molecular populations can be precisely controlled and efficielgliwvered with control of the
time of delivery of the first molecule and number of deliveradeules in a single pulse. The
latter can be readily implemented in scanning ion conductanceosodages for real-time
imaging combined with targeted delivery inside living cellsistbreating the unique opportunity
to control and study life processes such as gene regulatobrinfection quantitatively, one

molecule at a time.
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Methods

Nanopipette fabrication

Nanopipettes were fabricated using a P-2000 laser puller (Saosteument Co,USA
from quartz capillaries with an outer diameter of 1 mm andinner diameter of 0.50 mm
(QF100-50-7.5Sutter Instrument Co,USA

Nanopipettes were fabricated using a two-lines protocol: 1) HEBAX®D; FIL: 3; VEL:
35; DEL: 145; PUL: 75, followed by 2) HEAT: 900; FIL: 2; VEL: 15; DEL28; PUL: 200. It
should be noted that the pulling program is instrument specifi¢taare is variation between P-

2000 pullers.

Theoretical Modelling and Simulations

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 Ro = 12 nm, 6 =

(3]

51124

3.5° and R1 = 2Ro. Similar simulations have previously been done for nanopores and for

nanopipette The geometry used for the simulations is shown in Supplementary Fig. 3. The
surface charge of the nanopipette walls, o, was estimated for 0.1 M KCI (conductivity of

K=1.5S/m) as:

O =K¢E,E0¢ 4)

where x is the inverse Debye length, / the ionic strength of the solution, & 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 re resulting in a surface charge of -22 mC/m?. The simulated ion current through the

11



pore is of the same magnitude as the experimental values (as shown in Fig. 1d). The simulated
curve also shows similar rectification ration /-s00 mv/ /s00 mv = 1.54 compared to /-500 mv/ 1500 mv =

1.64 from the experiments.

To estimate the dwell time of the DNA being transported through the nanopore, we consider
threading of a coil of DNA positioned a distance 4 from the tip of the nanopipette. The dwell
time is then estimated as the total length of the DNA strand divided by the average velocity in

the nanopipette in the range 0 < z < /& (which is determined from the simulations as v = tepE-

+Veo, Where piep = -4x10® m?/V s is the electrophoretic mobility of DNAEz is the electric field

: — : . : . Hepl
in the direction of the nanopipette axis and veo the electroosmotic velocity. Q = :(p +Q.,

The velocity of the DNA at different positions, z, from the nanopore is given by:

_ cc
D= = 2 o) ®)

Travelling a distance z from nanopore then takes dz=\(z)dt, hence

T

(R, +ztarl0))" - R} _ (ﬂep'

3tar(6) K +Qe°]t ©

which for a positive pulse with duration 7" followed by a negative pulse gives the expression in

eq(2).

(luepl T KQeo,Jr)t

dT =-
(:uepl -t KQeo,-) '

M easur ement setup

12



The ion current was measured using a MultiClamp 700B or AxoPatch [266B-clamp
amplifier (Molecular Devices, USA) in “voltage clamp” mode. The signal was filtered usirg
low-pass filter at 10 kHz and digitized with an Axon Digidata 1322Migidata 1440 at 50 kHz
rate and recorded using pClamp 8/10 software (Molecular Devices, [I£9.analysis was

carried out using a custom-written MATLAB analysis routine.
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Figure 1 | Controlled delivery with nanopipette system. a, Schematic illustration showing

the nanopipette delivery system. Positivé)(&nhd negative (Y voltage pulses are applied for t

and t, respectivelyb, Single DNA molecules are delivered during @ @ulse and are detected

as transient changes in the ion currentSEM images of the nanopipette tip)(and the
nanopore at the tipc(). The scale bars are 250 um and 25 nm, respectively. The nanopipettes
had an inner half-cone angle 6f =3.5° resulting in a high length to width ratio of the
nanopipette tipd, Average I-V curves of 10 nanopipettes measured in 0.1 M KGikplahe
average ionic resistance was-R50+35MQ. All nanopipettes exhibited ion current rectification
with a ratio /500 mv/s00 mv = 1.64+0.40. The orange line is an I-V curve calculated by finite

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

rectification ratio i9-500 mv/ Is00 mv = 1.54.
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Figure 2 | Single molecule detection and delivery. a,

5 10
Time of first event dT (s)

5 1
Time of first event dT (s)

I-t and V-t measurements of the first

500 s (24 delivery cyclg¢of 150 pM, 10 kbp DNA, with ¥=500mV, V = -300mV, t" = 6.4s

and t = 12.7 sb, A single voltage cycle andblow up of individual delivery events, Event

scatter plots of peak current versus dwell time (top paneleguotvalent charge vs dwell time

(bottom panel) for the 24 cycles showanAt VV = -300mV the most probable pore dwell time
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is 0.65£0.21 ms with a mean charge (integrated current area per tegiosipof 18.0t 4.1 fAs
ascalculated from the histogram fit$, Representative-i traces for delivery of 50 pM, 10 kbp
DNA for V' = -200 mV and V= -400mV. &, Data points showing the number of delive2dA
molecules per cycle. The orange solid line shows the averagieenwf molecules delivered per
cycle 17.7+4.5 molecules at ¥ -400mV, 13.1+£3.3 molecules at ¥ -300 mV and 8.0 £ 3.0
molecules at V= -200 mV.e&i, Histogram showing the time distribution of the first evenain

delivery cycle for the 24 delivery cycles. The first molecule Isveeed faster for higherV
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Figure 3 | Non-stochastic delivery of molecules. The time of the first event dT and the number
of molecules delivered in a pulse is precisely controlled byptitentials V and V and the
positive pulse duratiort fa, Experimentally measured time of the first event as a fomaif the
applied potential Mfor 356 delivery cycles of(lkbp DNA (gray) and 5 kbp DNA (orange), and
predicted values of dT from eq (2) (dashed line). Both experimentsiaudations have been
carried out for positive pulses; ¥ 500 mV and*t= 6.4 s.b, Number of molecules N delivered
in a set negative pulse € 12.7 s) for different negative pulse potentials for 10 kbp DNA
(gray) and 5 kbp DNA (orange), and predicted values of dT fromq (3) (dashed lines).

¢, Time of the first event as a function 6ffor 150 pM (gray) and 1500 pM (orange), 10 kbp

DNA, with V' = 500mV and V = -300mV. The dashed line shows the predicted values of dT
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from eq (2). The inset shows a histogram of @&8neasurements for & 10.6 s, exhibiting
normal distribution. A total number of 5501 DNA molecules weréveedd over 5700 «d,
Number of delivered molecules per pulse (2.7 s) for different positive pulse duratioh {vV* =
500mV and V = -300mV). (inset) DNA capture rate measuorents for different positive pulse

durationst forr =12.7 s (0) and # = 21.0 s (0). The dashed lines are theoretical values from eqs

(2) and (3).
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Figure 4 | Delivery of individual molecules

consecutive cycles deliverirgsingle molecule per pulse (top panel) and blow up of the single

in single pulses. a, I-t trace showing nine

events (lower panel) for 1500 pM, 10 kbp DNA with %500 mV, V=-300 mV, t = 3.2 s and

t = 2.9 s.b, Representative I-t pulses for differehiand t combinations. dT is proportional tb t

hence single molecules are delivered quicker by varyimg @ short pulsec, Distribution of the

number of molecules delivered in a cycle for edadmt tcombination shown ib.
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d, Delivery on demand. Graphs showing the applied voltage paitgbthe recorded ion current
for different negative pulse lengths for 1500 pM, 10kbp DNA with=\500 mV and V= -
300 mV.By using an asymmetric nanopore geometry and square wave voliisgs, molecules
can be pulsed in the nanopipette tip close to the nanopore and baak Wwéhng delivered when
operated in the regime< dT. Molecular delivery can be switched on-demand fordT. t= 15

S
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