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S
ince voltage-biased protein channels

were demonstrated to be capable of

detecting single-strandedDNAandRNA

molecules 15 years ago,1 and 5 years later

solid-state nanopores were fabricated to

overcome the stability and size limitations

of protein membrane structures,2�4 nano-

pore technology has become a fast increas-

ing field due to its potential application in

single-molecule DNA sequencing5�7 and its

applications in characterizing single protein

molecules at their native and denatured

states.8�16Whenananopore in an insulating

membrane is immersed in an electrolyte and

a voltage is applied across the membrane,

the flow of ions through the pore generates

an open pore current. A DNA molecule

nearby can be captured and driven through

by the electric field of the pore. The passing

of a DNA molecule partially blocks the flow

of ions, producing a current drop event

characterized by its magnitude and time

duration. Much effort has been devoted to

increase both the current drop magnitude

and timeduration to improve the spatial and

temporal resolution of a nanopore device

for the ultimate goal of reading DNA se-

quence electrically and for single-molecule

proteomics. These efforts include decreas-

ing nanopore thickness and increasing

DNA translocation time.17�25 In this work,

we report a technique developed to over-

come one of the major obstacles in nano-

pore single DNA and protein analysis:

controlling the moving speed of a biomole-

cule in a nanopore by integrating a solid-

state nanopore device with a DNA-tethered

probe tip that is position-controlled and

sensed by a nanopositioning system and a

tuning fork based force sensor.

As reviewed by Keyser et al.,22 many

research groups have tried to control the

speed of DNA transport through a nanopore

by modifying the translocating molecule,26

the nanopore,27 or mechanically manipulat-

ing the DNA molecules.28,29 Mechanically

manipulating DNAmolecules has been per-

formed by DNA-tethered beads suspended

in solution and controlled either by optical

tweezers or by a magnetic trap. The optical
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ABSTRACT In pursuit of developing solid-state nanopore-based DNA sequen-

cing technology, we have designed and constructed an apparatus that can place a

DNA-tethered probe tip near a solid-state nanopore, control the DNA moving

speed, and measure the ionic current change when a DNAmolecule is captured and

released from a nanopore. The probe tip's position is sensed and controlled by a

tuning fork based feedback force sensor and a nanopositioning system. Using this

newly constructed apparatus, a DNA strand moving rate of >100 μs/base or

<1 nm/ms in silicon nitride nanopores has been accomplished. This rate is 10 times

slower than by manipulating DNA-tethered beads using optical tweezers and 1000 times slower than free DNA translocation through solid-state nanopores

reported previously, which provides enough temporal resolution to read each base on a tethered DNA molecule using available single-channel recording

electronics on the market today. This apparatus can measure three signals simultaneously: ionic current through a nanopore, tip position, and tip

vibrational amplitude during the process of a DNA molecule's capture and release by a nanopore. We show results of this apparatus for measuring λ DNA's

capture and release distances and for current blockage signals of λ DNA molecules biotinylated with one end and with both ends tethered to a tip.

KEYWORDS: solid-state nanopore . DNA . probe tip . tuning fork . tethered DNA translocation . nanopositioning .

DNA capture distance
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tweezers method, which traps a DNA-tethered bead in

the crossover of a focused laser beam, can manipulate

the DNA-tethered bead in three dimensions and has

a pico-newton range of force sensitivity. However,

heating due to the laser in optical tweezers increased

the ionic current through a nanopore and noise,30,31

requiring the optically trapped bead to be several

micrometers away from a nanopore. Furthermore,

the bead trapping methods also have a Brownian

motion problem that makes it difficult to control the

motion of the bead with less than 10 nm resolution. In

contrast, a scanning probe tip in an AFM- or SNOM-

based system can approach more closely to a nano-

pore and can have sub-nanometer spatial resolution as

reported recently.32,33

Motivated by controlling the speed of DNA translo-

cation in a nanopore at a rate of ∼100 μs/base or

slower for developing solid-state nanopore-based

DNA sequencing technology, we have designed and

constructed an apparatus as shown in Figure 1a. This

apparatus combines the measurement of ionic current

through a solid-state nanopore with a DNA-tethered

probe tip that is position-controlled and sensed by a

tuning fork force sensor and a nanopositioning system.

We report here that by using this newly constructed

apparatus that integrates a Solid-state Nanopore and

a Tuning Fork based Force Sensing Probe tip, SSN-

TFFSP, by tethering λDNAmolecules to the probe tip, a

DNA translocation speed of ∼400 μs/base or 1 nm/ms

in a solid-state nanopore has been accomplished.

This speed is 10 times slower than the optical trapping

DNA-tethered beadmethod reported34 and 1000 times

slower than free DNA translocation through solid-state

nanopores.4,5,7,35Wewill first describe the details of this

SSN-TFFSP apparatus. We then show the current block-

age traces caused by tethered λDNAbeing captured by

a nanopore and the process of DNA being pulled out

by a TFFSP tip. We show the λ DNA's most probable

capture and release distances measured by this SSN-

TFFSP systemand show that these results are consistent

with the radius of gyration and the contour length of λ

DNA molecules in solution. Furthermore, we present

current blockage signals of λDNAbiotinylatedwith one

end and with both ends tethered to a tip measured by

this apparatus.

EXPERIMENTAL SETUP

Figure 1a shows a schematic diagram of the inte-

grated solid-state nanopore and tuning fork force

sensor based probing (SSN-TFFSP) system constructed

for this work. A DNA molecule is tethered to a TFFSP

tip that is glued to one prong of a quartz tuning fork.

Figure 1. (a) Diagram of the SSN-TFFSP experimental setup (not to scale). A λ DNA is tethered to the TFFSP tip through
biotin�streptavidin bonding. The optical fiber tip is glued to one prong of a tuning fork that is attached to a piezo actuator.
The piezo actuator is controlled by a XYZ piezo positioner (not shown) that controls the location of the tip. (b) TEM image of
a nanopore used in this work. The scale bar in the image is 50 nm long. (c) Thickness profile across the nanopore shown in (b).
(d) SEM image of an optical fiber tip coated with Cr/Au used in this work. The scale bar is 20 μm long.
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The tuning fork is attached to a piezo actuator that is

affixed to an XYZ piezo positioner (nanopositioner,

Mad City Laboratories, not shown in the diagram).

The TFFSP tip's position in solution is sensed by the

tuning fork sensor and is controlled by the XYZ nano-

positioner. The vibration amplitude of the tuning fork is

sensitive to the viscous drag in solution and the sheer

forcewhen the tip is close to a surface. A nanopore chip

containing a window of 30 μm free-standing silicon

nitride membrane with a ∼10 nm pore at its center

(Figure 1b shows a TEM image and 1c shows its

thickness profile) divides the electrolyte solution into

two sections: cis and trans chambers, which are made

of glass sealed with PDMS (not shown). The sole

electrical and fluidic connection between the two

chambers is the nanopore. The electrolyte solution

used in this work is 1 M potassium chloride (KCl) with

10 mM Tris at pH 8. The ionic current through the pore

is measured by a pair of Ag/AgCl electrodes in each

chamber. The ionic current is measured and recorded

with the Axopatch 200B integrated amplifier system

(Molecular Devices) with its low pass Bessel filter set

at 2 kHz in this work. The sample holder that holds a

pair of cis and trans chambers with a nanopore chip

sandwiched between is mounted on a manual XYZ

micromanipulator. The whole SSN-TFFSP system is

shielded by a Faraday cage.

After a nanopore is tested with reasonable open

pore current and noise level, the DNA-attached tip is

immersed in the cis chamber. When the tip is near the

nanopore, one or more DNA molecules can be cap-

tured by the electric field extended outside of the

nanopore32,33,36,37 and pulled into the nanopore until

the captured DNA molecule is stretched and held by

the tethering force from the TFFSP tip. A DNAmolecule

near or inside a nanopore partially blocks the flow of

ions, increases the pore resistance, and produces an

observable drop in pore current. When the captured

DNA molecule is pulled out from the nanopore by

the probe tip, the pore current recovers. By observing

these current drops and recoveries, the process of

capturing and releasing tethered DNA molecules by a

nanopore can be measured. Details of the main com-

ponents of this SSN-TFFSP system, sample preparation,

and the experiment to be performed are described in

the Methods section.

RESULTS AND DISCUSSION

Figure 2 shows that the integrated SSN-TFFSP sys-

tem can measure three parameters versus time simul-

taneously: (1) the ionic current through the nanopore

(Figure 2a), (2) the tip distance above the membrane

surface (Figure 2b), and (3) the vibration amplitude of

the tuning fork (Figure 2c). The ionic current in

Figure 2a was measured by applying 60 mV across

the nanopore shown in Figure 1b. The stable open

pore current was 16 ( 0.7 nA, which was larger than

expected from the 10 nm diameter pore shown in

Figure 1b. The diameter of the pore in solution was

estimated to be about 20 nm judging by the open pore

current. Figure 2b shows that the tip's end was initially

32 μm above the nanopore surface. As the tip was

approaching the nanopore from the starting time of (i),

the vibration amplitude of the tuning fork decreased

slightly since the tip's immersion depth increased

(Figure 2c). When the probe tip was at∼2 μm distance

above the pore at time (ii), a drop in ionic current

occurred, indicating possibly that a tethered DNA

molecule was captured by the nanopore electric field.

When the tipwas brought closer to and engaged to the

membrane near the pore, its vibration amplitude

decreased abruptly at the time of (iii) due to increased

shear force (the tip was not right on top of the pore; it

was placed a little bit away from the nanopore but

within DNA capture distance). The tip stayed on the

membrane from the time of (iii) to (v) and started to

move up at the beginning of time (v). The current noise

increased when the tip was on the membrane (see

Figures SI_1�4 and 11 in Supporting Information for

more recorded traces), possibly caused by the tip's

mechanical vibration that disturbed ionic current flow

to the pore. This interpretation is consistent with the

observation that this vibration-related current noise

was absent before the tip had interacted with the

membrane and after the tip had moved up from the

membrane. When the tip was at 12.7 and 15.8 μm

above the pore, the pore current stepped upwithΔI2 =

43 pA at (vi) and ΔI1 = 23 pA at (vii). The ionic current

recovered to its original value at time (vii). The tip was

lifted to its starting position at time (viii). This experi-

ment, tethered DNA molecules on a probe tip ap-

proaching the same nanopore then pulling up by the

nanopositioner, was repeatedmore than 10 times with

the same nanopore and tip (see Figures SI_1 to SI_7 in

Supporting Information). Most of these measurements

show multiple steps of current drop and recovery. The

statistics of the first capture and last release distances

are shown in Figure 3. The statistics of the magnitudes

of the current drop and recovery steps are shown in

Figure 4a.

During measurements, parameters were adjusted

to avoid biotin�streptavidin rupture.38 After applying

a 500 mV voltage across a nanopore for a few seconds

right after a DNA molecule was captured by a nano-

pore at a 60 mV bias voltage, the DNA capture events

could not be measured again, possibly due to the

rupture between biotin�streptavidin bonding. The

biotin�streptavidin bonding could also break when

the tip was pulled too fast even at a 60mV bias voltage,

for example, lifting the tip 10 μm up within 100 ms

after a tethered DNA molecule was trapped inside a

nanopore.

The DNA's capture distance by the electric field

extended outside of a nanopore can be measured in
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this SSN-TFFSP system in a similar way to those dis-

cussed by other groups using optical tweezers.34,39 At

time (ii) in Figure 2, current drop occurred before

the tip was engaged to the membrane. The distance

moved by the tip between (ii) and (iii) was ∼1.8 μm,

indicating the capture distance. Themeasured capture

distances in this experiment are shown in Figure 3A.

The average of the capture distances in Figure 3A is

1.1( 0.6 μm. This value is comparable to λDNA's radius

of gyration, ∼1 μm/2 = 0.5 μm. We also measured the

tip's moving distance from the starting time of (v) to

the time at which DNA was released (vii), as shown in

Figure 3. Capture and release distance of λDNA. (A) DNA's first capture distance from the tip's end to themembrane surface.
The capture distance is comparable to λDNA's gyration radius (500 nm). (B) DNA last release distancewhen a tipmoved away
from a nanopore. The averaged last release distance (15.1 μm) is close to λ DNA's contour length (16.4 μm). Data from two
more sets of similar experiments are added to this figure to increase the number of step events.

Figure 2. Parameters measured in the SSN-TFFSP apparatus. (a) Current through the nanopore shown in Figure 1b in 1 M KCl
solution with 60 mV bias voltage. Current dropped when DNA molecules were captured by the nanopore, and current
recovered to its original value when the DNA was released from the nanopore. (b) TFFSP tip's movement. (c) Tuning fork's
voltage signal after 1000 times amplification as the tip approaches and lifts from the nanopore surface. The right axis is the
vibration amplitude converted by 0.18 V/nm.
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Figure 3B. The average last release distance is about

15.0 ( 1.2 μm, very close to the contour length of a

48.6 kbp λDNA (16.4 μm)molecule. The spanning time

between (v) and (vii) was 21.4 s, thus the DNA translo-

cation speed as it was retracted from the pore was

0.73 μm/s or 1 base/400 μs. This rate is 10 times slower

than moving a DNA-tethered bead by optical tweezers

reported34 and 1000 times slower than the reported

free DNA translocation through solid-state nano-

pores.4,5,7,35 If we set the tip's moving up time from

(v) to (viii) to be as slow as the tip's approaching time

from (i) to (ii) (Figure 2), the DNA translocation speed in

a nanopore could reach as slow as 0.4 μm/s or 1 base/

800μs. Note, the DNApulling out rate in this SSN-TFFSP

system is a user-defined parameter for the nanoposi-

tioning system, practically no upper limit.

The time resolution of a nanopore device is deter-

mined by the DNA translocation speed and the band-

width of the current recording electronics. Considering

the highest bandwidth for a typical nanopore current

recording system available on the market is ∼100 kHz

(∼10 μs), and most published DNA translocation data

were recorded at 10 or 100 kHz (∼100 μs), the speed of

1 base/400 μs would provide enough temporal resolu-

tion to read each base on a tethered DNA molecule.

This experiment had demonstrated that the newly

constructed SSN-TFFSP system has obtained the

time resolution required to electrically read a DNA's

sequence.

After DNA was pulled out of the nanopore at the

times (v) and (vii) shown in Figure 2, the ionic current

recovered to its original open pore value. The ampli-

tudes of current recoveries are shown in Figure 4a. The

histogram of the current recoveries in Figure 4a shows

two peaks with the average values of 23.8 ( 2.0 and

43.4( 3.4 pA instead of a single peak. Considering that

the current changes ΔI2 = 43 pA and ΔI1 = 23 pA are

not the same, and this ΔI1 = 23 pA was often corre-

sponding to “sticking events” or events with no DNA

pulling out process observed from time (v) to (vi) (see

Figures SI_8, 9, and 12), we assume that theΔI1 = 23 pA

was caused by a DNA molecule sticking near the

nanopore surface, and the ΔI2 = 43 pA occurring at

(iv) was a real DNA translocation through the nanopore

as illustrated at the top of Figure 2. Below we discuss

why this assumption is reasonable and why we had

observed two or evenmore steps during the processes

of current drop and recovery.

As described in the Methods section of tethering

DNA to a tip, many copies of λ DNA can attach to a tip.

Therefore, two or more copies of λ DNA molecules

could be captured by a nanopore. This is also consis-

tent with our observations shown in Figure 2 and the

figures in Supporting Information. To further estimate

the approaching process and the amount of current

blocked from an approaching DNA at different DNA�

nanopore distances, we have simulated the current

drop amplitudes using a finite element analysis pro-

gram (COMSOL, Multiphysics).

To estimate the current dropmagnitude induced by a

DNAmolecule near or inside a nanopore, we have used

Nernst�Planck and Poisson equations (COMSOL). The

Nernst�Planck equation describes the flux of chemical

ions (potassium and chloride ions) under the influence

of an electric field in solution under user-defined nano-

pore geometries. The electrical field and the electrical

potential generated in ionic solution are described by

the Poisson equation. Using these equations and the

nanopore geometry shown in Figure 1c with or without

DNA, we can solve for the flux of the chloride ions and

potassium ions through the pore. The current is then

foundby the integration I=
R
F(JClþ JK)dA, where F is the

Faraday constant, A is the cross-sectional area of the

pore with or without DNA, JCl is chloride ion's flux, and

Figure 4. (a) Amplitudes of current recovery step when DNA was pulled up from the nanopore. (b) COMSOL simulation of
current blockage by dsDNA vsDNA�nanopore distance. Geometry of the nanopore is referred to the thickness profile shown
in Figure 1c, and its diameter is 26 nm. DNA is considered as an insulating 2.2 nm diameter cylinder rod. The distance is from
the end of the cylinder rod to the top surface of a membrane as shown in the inset. The open pore current for 1 M KCl is
I0 = 14.9 nA in this simulation.
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JK is potassium ion's flux. Fully solving for current in

this way considers the access resistance of the nano-

pore,33,40 as well as the geometry of the tapered nano-

pore wall shown in Figure 1c. The detailed calculation of

current passing through a nanopore is explained in our

earlier report.33

In this simulation, a double-stranded DNA molecule

was assumed tobe a 2.2 nmdiameter rigid cylinder, and

the thickness profile data in Figure 1c for the geome-

tries of a nanopore and free-standing membrane were

used. To match the experimentally measured open

pore current, a 26 nm diameter pore was used in this

simulation. Figure 4b shows the amount of DNA-in-

duced current drop as the DNA�nanopore distance

changed. The insets in Figure 4 show two of the

DNA�nanopore configurations for the simulation. The

DNA�nanopore distance in Figure 4b is defined from

membrane's top surface to the DNA cylinder's front

end. The current blockage startedwhen the front endof

theDNAwas about 50nmabove the nanopore (top left,

Figure 4b), consistent with the concept of nanopore

access resistance. The current blockage reached a

maximum of 43 pA when the cylinder's bottom is

200 nm below the nanopore entrance, the very end

of the FIB hole region. This value matches to the right

peak in Figure 4a of the experimental data. When the

DNA cylinder's front end is right above the nanopore,

the current blockage is 25 pA. Based on these two

current blockage numbers, a possible interpretation is

that the left peak in Figure 4a is related toDNA's sticking

to the nanopore's entrance without translocating. This

is also consistent with many DNA sticking or collision

events observed during solid-state nanopore experi-

ments when tether-free DNA was used in our lab (data

not shown) and reported by other groups.41

The above simulation is based on the idea that

volume exclusion is the only mechanism for DNA-

induced current blockades ΔIb. Earlier reports have

shown that other parameters also contribute to the

magnitude of current blockades. Reiner et al.42 pro-

posed that the ionic current canbe reduced not only by

DNA volume exclusion but also by ion exclusion due to

cation binding to DNA inside a pore. To further under-

stand andmore precisely calculate the interactions of a

DNA molecule with a nanopore in our future experi-

ments, Reiner's proposal may be necessary. Further-

more, we have also ignored how asymmetrical charge

distribution influences ionic current through a nano-

pore as reported in a study of protein pores.43 Based on

our previous study, the surface charge's influence on

the ionic current through a 25nmdiameter nanopore in

1MKClwas negligible.33 Therefore, we did not consider

the nanopore's surface charge effects on current block-

ade caused by DNA translocation through a pore. In

summary, the absolute DNA-blocked current could also

be dependent on the pore geometry, ion binding to

DNA, as well as surface charge on a nanopore. In this

simulation, we consider only the volume exclusion to

provide qualitative values of blocked current ΔIb as

a function of DNA�nanopore position (Figure 4b) to

estimate the DNA�nanopore configuration.

To further verify that the current drop and recovery

steps were produced by DNA molecules interacting

with a nanopore, we have attached both ends of

biotinylated λ DNA molecules to the probe tip. In

addition to the current drop and recovery steps ob-

served in Figure 4b, larger current drop and recovery

steps were observed (see Figures SI_10 and 11). The

current blockage histogram using the both ends

biotinylated is shown in Figure 5. As we expected,

Figure 5. Current drop amplitudes when some of the λ DNA molecules are biotinylated at both ends. Two sets of data were
recorded from two nanopores. One had an open pore current I0 = 23.4 nA, and the other had I0 = 13.0 nA.
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the current blockage histogram shows three distinctive

groups. The left group hasΔI1 = 22.9( 2.0 pA, possibly

corresponding to DNA's incomplete translocation as

depicted on top left of Figure 5. The center group has

ΔI2 = 43.8 ( 4.5 pA, possibly related to one λ dsDNA

translocation with only one end anchored to the tip.

The right group has ΔI3 = 83.3 ( 5.6 pA, which would

match a double-anchored λ DNA as shown on the top

right of Figure 5. This further demonstrates that the

43.8 pA current drop is most likely caused by a dsDNA

translocation in the pore. Shorter release distances

expected for a double-anchored λ DNA were not

consistently observed. A possible explanation is that

a U-shaped DNAmolecule is difficult to pull out due to

the pore�DNA interaction, thus often broke off from

the tip and trapped in the pore as we observed (see

Figures SI_10 and SI_11).

CONCLUSION

In this work, we report a novel method that is

capable of controlling DNA translocation speed in a

solid-state nanopore to the order of ∼100 μs/base by

tethering λ DNA molecules to a probe tip. The tip's

position is sensed and controlled by a tuning fork

based force sensor and by a nanopositioning system.

This SSN-TFFSP system can bring a DNA-tethered

TFFSP tip close to a nanopore, monitor the capture

process of a DNA molecule by a voltage-biased nano-

pore, and most importantly, pull a captured and

trapped DNA out of the nanopore with controlled

speed and subnanometer accuracy. The measured

DNA's capture and release distances are comparable

to the gyration diameter and the contour length of the

48.5 kb λ DNA respectively. The recorded current

signals show the expected current drop and recovery

steps for one end and for both ends biotinylated λDNA

molecules. In addition, current traces also revealed that

some DNA molecules did not translocate completely

through a nanopore, but they stayed near the nano-

pore's entrance. This was also supported by finite

element analysis computer simulation. This SSN-TFFSP

system has demonstrated the capability of slowing

down DNA moving speed in a pore more than 1000

times compared to tether-free DNA translocation

through solid-state nanopores, which allows studying

DNA�nanopore interaction in great detail and pro-

vides enough temporal resolution to read each base on

a tethered DNA molecule in the future.

Furthermore, this system potentially can have many

other applications in the field of manipulation and

detection of single DNA and protein molecules. The

SSN-TFFSP system has the following advantages: con-

trolling the motion of biomolecules at angstrom pre-

cision with user-defined moving speed, characterizing

single DNA and protein molecules with solid-state

nanopores and possibly protein pores, and using very

small number of biomolecules. A few such examples of

its applications include measuring DNA hybridization,

RNA�protein and DNA�protein interactions, and

single-protein molecules in nanopores.

METHODS

The quartz tuning fork (Fox Electronics, NC38LF-327) shown
in Figure 1a is used as a force feedback sensor as demonstrated
by other reports.44,45 By attaching a tip to one prong of a tuning
fork, this device can be used as a force feedback sensor.46,47

The detailed tuning fork setup is reported in our other work.48

Briefly, at the resonance frequency, the vibration of the quartz
tuning fork generates a small voltage, a few millivolts. This
vibration amplitude is sensitive to the viscous drag in solution
and the shear force when the tip is close to a surface. This
voltage signal is 1000 times preamplified, and its amplitude is
measured by a lock-in amplifier (Stanford Research Systems,
SR850). The same lock-in amplifier is also used to generate the
driving voltage for thepiezoactuator. Theoscillationamplitudeof
the tuning fork estimates that the output voltage/displacement
is 0.18 mV/nm by considering quartz's properties and the tuning
fork's geometry.48,49

The probe tip is made from a single-mode optical fiber
(Corning Optical fiber, SMF-28(TM)) using a micropipet puller
(Sutter Instrument, P-2000). The pulled fiber tip is cleaned by
Piranha solution (sulfuric acid/hydrogen peroxide = 3:1) for
10 min and then washed with DI water. The tip is coated with
250 nm thick chromium and gold using a sputter coater
(Cressington, 108 auto). A typical Cr/Au-coated tip used in this
report is shown in Figure 1d.
The nanopores used in this study are fabricated in a free-

standing low-stress silicon nitride membrane supported by a
silicon substrate as described previously.2 The silicon-rich, low-
stress silicon nitride membrane (∼275 nm in thickness) was
deposited by low-pressure chemical vapor deposition (LPCVD)
on both sides of the silicon substrate. One side of the silicon

nitride membrane window is opened by procedures including
photolithography, reactive ion etching, and anisotropic wet
KOH etching to produce a free-standing silicon nitridemembrane.
A cavity of about 100 nm size is milled on the free-standing
membrane window with a focused ion beam (FIB, Micrion 9500)
machine, leaving a tapered membrane with a thickness of
20�30 nm. Then a nanopore is drilled in the cavity using a high-
energy electron beam in a TEM (300 keV FEI Titan). The thickness
profile across the nanopore in Figure 1c was measured by taking

the log-ratio of an energy-filtered zero-loss TEM image and

unfiltered TEM image of the nanopore with T = λ ln(I1/I0),
50where

λ, I1, and I0 are inelastic mean free path, unfiltered image intensity,

and zero-loss intensity, respectively. The mean free path λ is

calculated empirically by measuring the thickness of the mem-

brane using a standard optical reflectometer. We found λ at

300keV tobe180nmwitherrors of approximately 10%.According

to the thickness measurement, the silicon nitride membrane

window is typically 210 nm thick and the cavity region is tapered

to the nanopore by approximately 45�.
The λ DNA (NEB, N3011S) are biotinylated following the pro-

cedures described by Keyser et al.18 The one end biotinylated
oligonucleotides (Integrated DNA Technologies) matching the
known “overhang” sequence of λ DNA were purchased. The λ
DNA and the biotinylated oligonucleotides were ligated with
T4 ligase enzyme (NEB). A DNA extraction kit (QIAGEN, QIAEX II
gel extraction kit) was used to purify the biotinylated λ DNA
after the ligation.

Attaching Biotinylated λ DNA to the Tip. The Cr/Au-coated optical
fiber tip was immersed in a 10 mg/mL streptavidin (Invitrogen,
434301) solution for 10 min. The depth of the tip in the solu-
tion was about 10�20 μm. Streptavidin protein molecules were
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adsorbed to the Au-coated tip during this process. The tip was
then washed by DI water a few times to remove weakly
adsorbed streptavidin. Fluorescently labeled streptavidin was
used to verify the adsorption. The streptavidin-adsorbed tipwas
then soaked in the biotin-labeled λ DNA (∼2 nM) for 10 min.
After soaking the tip in the λ DNA solution, the tip's end was
kept in 1 M KCl solution during the experiment to avoid the
detachment of DNA from the tip. To verify that the λ DNA
molecules were attached to the tip by this method, we further
performed experiments to stretch the tethered DNA molecules
by an AC electric field in salt solution under a fluorescent
microscope.48 The fluorescent images had shown that many
copies of λ DNA molecules are attached to the end of a tip by
this procedure.
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