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Translocation of double-strand DNA through a silicon oxide nanopore
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We report double-strand DNA translocation experiments using silicon oxide nanopores with a diameter of
about 10 nm. By monitoring the conductance of a voltage-biased pore, we detect molecules with a length
ranging from 6557 to 48 500 base pairs. We find that the molecules can pass the pore both in a straight linear
fashion and in a folded state. Experiments on circular DNA further support this picture. We sort the molecular
events according to their folding state and estimate the folding position. As a proof-of-principle experiment, we
show that a nanopore can be used to distinguish the lengths of DNA fragments present in a mixture. These
experiments pave the way for quantitative analytical techniques with solid-state nanopores.
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I. INTRODUCTION single-molecule level. Such nanopores have been shown to

Translocation of biopolymers such as polypeptides, DNA detect polynucleotides, using pores with a diameter slightly
and RNA is an important process in biology. Transcribedlarger than t_he cross section of the mo[ecule. One of the main
RNA molecules, for example, are transported out of thechallenges is to obtain pores with a diameter comparable to
nucleus through a nuclear pore complex. Viral injection ofthe diameter of the polymé2 nm for double-strand DNA
DNA into a host cell is another example. Experimental andFigure 1 shows a typical experimental layout for such experi-
theoretical studies of this process have attracted considerabfeents. During translocation, only a small fraction of the
attention. Kasianowiczet al. [1] demonstrated that an polymer is inside the sensing volume of the pore. Conse-
a-hemolysin pore in a lipid membrane can be used to studguently, the duration and not the depth is a measure for the
the translocation process vitro. By measuring the ionic length of the polymer. It is interesting to note that apart from
current through a voltage-biased nanopore, they detect indiolumetric effects, other effects could change the conduc-
vidual molecules that are pulled through the pore by thdance of the nanopore during DNA translocation. Chang
electric field. More recently, Let al.[2,3] showed that solid- et al.[7] claim that DNA translocation at low salt concentra-
state nanopores can also be used for similar experimention causes an increase in conductance.

Here we describe a set of translocation experiments with Until now, most experiments have been carried out using
silicon oxide nanopores that were fabricated with a techniquéhe a-hemolysin pore complex. It self-assembles, and thus
described earlid4]. We present a detailed study of the trans-all pores are identical down to the atomic level. Such pores
location dynamics of double-strand DNA molecules with have been used most extensively, but there is also a large
lengths ranging from 6557 to 48 500 base pairs. interest in synthetic pores. The fabrication of such pores re-

The dynamics of DNA translocation through nanopores igjuires an accuracy on the single-nanometer level, which is
particularly relevant for potential analytical techniques basedar from straightforward with existing techniques. Such an
on nanopores. Rapid oligonucleotide discrimination on theeffort is justified, however, because of a number of potential
single-molecule level has been demonstrated witradvantages of solid-state pores over protein pores. First, the
a-hemolysin [5] and more recently solid-state nanoporesdimensions of the pore can be varied to ensure optimal sen-
were used for a first study of folding effects in double-strand
DNA molecules[3]. Future applications of this technique
may include DNA size determination, haplotyping, and se-
quencing.

The use of nanopores for the detection and analysis of

single molecules is inspired by the working principle of a \,D
Coulter countef6]. Particles suspended in an electrolyte so- %

+

lution are drawn through a small channel, separating two
reservoirs. When a particle enters the channel, it displaces its
own volume of solution, thereby increasing the electrical im-
pedance of the channel. By applying a voltage over the chan-

nel, the passing particles are detected as current drops, and giG, 1. Schematic layout of the experiment: A charged polymer

the magnitude of the current dip scales with the volume 0fs electrophoretically driven through a nanometer-sized aperture,
the particle. This analytical technique has proven very effectocated between two reservoirs kept at a potential difference. The
tive in determining the concentration and size distribution ofpresence of a molecule inside the pore lowers the amount of con-
particles, down to the submicrometer size. The availability ofducting solution inside the pore. Passing molecules can thus be
nanometer-sized apertures has extended this technique to ttetected as short dips in the ionic current through the pore.
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sitivity. Second, solid-state nanopores are much more robust: @ 20nm poreina 70 ym x 70 ym
They are expected to have a much longer lifetime, and ex- SISiO; membrang
periments can be performed at high temperatures and at ex-
treme pH values. Finally, solid-state pores allow additional
device complexity and incorporation of additional tools. For
example, Liet al. [3] speculated that electrodes integrated
within the nanopore could be used to detect tunneling cur-
rents through molecules as they pass the nanopore, analo-
gous to the working principle of a scanning tunneling micro-
scope. They aim to read off the base sequence of a single
DNA molecule as it passes the detector inside the nanopore.
In this study, we report single-molecule detection of
double-strand DNA using silicon oxide nanopores that were
fabricated using a technique recently developed in Ddlft
Linear double-strand DNA fragments of 11.5 kilobase pairs
(kbp) and 48.5 kbp and a circular DNA vector &1.5 kbp
were studied in detail with our nanopore setup. We find
strong evidence for translocation of folded DNA, where pas-
sage starts not at one of the ends of the molecule but some-
where in betweef3]. A part of the molecule folds back onto
itself, resulting in current blockades that are larger in ampli-
tude and shorter in time than simple linear translocation FIG. 2. (a) Cross-sectional view of our sample layout. From
events. We present additional evidence for this picture wittsilicon-on-insulato(SOl) wafers we fabricate free-standing, silicon
the detection of translocation of circular DNA molecules. membranes with a thickness of 340 nm. A pore is etched in this
These circular molecules can on|y pass the pore ina fo|deﬂ1embrane by wet KOH etching. Thermal oxidation of all silicon
state. Indeed we observe qualitatively different statistics opurfaces yields a pore with a diameter of about 20 nm, surrounded
the translocation events compared to linear molecules th& 40 nm of silicon oxide(b) Using the electron beam of a TEM
are in good agreement with the model. The experiment§licroscope, we can effectively melt the S|I|cor_1 oxide causing the
demonstrate that double-strand DNA with a persistencgOre to shrink. Here we show an electron micrograph of a pore
length of about 50 nm can indeed pass a 8 nm pore in efore the shrinking proces&) Final image of a pore just t_)efore
folded fashion. We chose to work with relatively large poreswe blank the electron beam. The pore shown here has a diameter of
between 8 and 10 nm. This was motivated by observations Oa],bout 3 nm.
Li et al.[3] that a 3-nm pore shows significantly more scatter o ] )
in translocation times than a 10-nm pore. bgam of a transmission electron microsc6pEM) equipped _
Finally, we present an experiment that demonstrates th@ith a field emission gun. The process can be observed in
remarkable sensitivity of a nanopore detector. We have useé@al time on the fluorescent screen of the microscope. This
a nanopore to analyze the size distribution of a standard mix@/lows us to stop when the desired dimensions of the pore
ture of double-strand DNA fragments, ranging in length be-have been obtained, by blanking the electron bésee Fig.
tween 6.5 kbp and 24 kbp. In this proof-of-principle experi-2 for a schematic device layout and two electron micro-
ment, we analyzed translocation events of about 250@'aphs obtained during the shrinking progesEhis tech-
individual molecules (about 30 fg=3<1074g or 4 nique allows us to very reliably fabricate solid-state nanop-

zeptomol=4x 10-2 mol), and demonstrate clear separationOres With any desired diameter, down to at least 2 nm. We
in length. used pores with a diameter between 8 and 10 nm for the

experiments reported in this work. We estimate that the
length of our nanopores is on the order of 20 nm, based on
TEM tilting experiments. The length is thus much shorter

A. Fabrication of solid-state nanopores than all the DNA fragments that were studied.

340 nm thick Si
400 nm thick SiO,

525 pum thick Si Wafer

II. MATERIALS AND METHODS

We use solid-state nanopores fabricated using a process
reported earlief4]. Starting from silicon-on-insulataiSOI)
wafers(obtained from SOITEC, Frangewe first fabricate a A 11.5-kbp “charomid” vector was cloned into ecoli
free-standing silicon membrane using electron beam lithogdh5-« bacteria, cultured, and purified using a commercial
raphy, reactive-ion etching, and wet chemical KOH etchingMini-prep kit (Qiagen. It was subsequently restriction di-
Subsequently, we fabricate pores of about 50 nm in thigested using EcoRI and purified using phenol-chloroform ex-
340-nm-thick silicon membrane by a second step of electrontraction. The length of the digested plasmid was verified us-
beam lithography and wet chemical KOH etching. Thising gel electrophoresis. To obtain circular DNA of 11.5 kbp
membrane is thermally oxidized to form a 40-nm-thick, sili- with a single nick, the nicking enzyme N.BbvCIA was used
con dioxide layer on the surface of the membrane and porén stead of the EcoRI. The same protocol was used to purify
Surprisingly, we found that we can shrink the pore by expo-+his fragment. Lineah-DNA with a length of 48.5 kbp was
sure to a high dose of electrons, supplied by the imagingbtained commerciall(Promega, Benelyx The standard

B. DNA material
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Patch-clamp lAdd 11.5 kb ds-DNA

50pA|

10 sec
50 pA|
2ms
cis
R L . o
- A FIG. 4. Measured ionic current versus time. After addition of
s e AN PDMS DNA to thecis side of the pore we clearly observe downward dips
7 + \\ in the current. In the bottom panel, two individual events are shown
t 3 KC | at an increased time resolution.
lll ‘\
/ \ cleaning our samples for about 30 s in an oxygen plasma
Slllconichlp mEKOpons (~10/m) aids in wetting of our devices. This procedure cleans the

sample from organic contamination and results in a hydro-

FIG. 3. Cross-sectional view of the fluidic set(pot to scalg P .
Shown in light grey are two PDMS parts that contain the reservoirs.phIIIC SIiO; surface. Immediately after the plasma treatment

A silicon chip containing the nanopore is clamped horizontally inWe mount our device in the setup and fill it with a degassed

between. Both reservoirs contain a Ag/AgCl electrode for electricafind_ filtered buffer solution(1.0M KCI' 10 mM Tris-HCI,

contact. A patch-clamp current amplifier is used for the ionic- pH=8.0, 1 nM E_DTA)' Usually th's procedurg leads to a

current measurements at high bandwidth. stable current signal, but occasionally additional oxygen-
plasma cleaning was necessary before a stable, low noise

mixture of DNA fragments produced by incubatingDNA signal was obtained.

with the Hindlll restriction enzyme was also purchased from
the same source. It contained fragments with a length of . RESULTS
23130 bp, 9416 bp, 6557 bp, 4361 bp, 2322 bp, 2027 bp,

A lock
564 bp, and 125 bp. Current blockades

First, we discuss the experiments performed on linear
double-strand DNA molecules of 11.5 kbp and 48.5 kbp. A
10-nm nanopore was mounted in the experimental setup and

TEM-fabricated nanopores were mounted in a fluidicfilled with the IM KCI buffer solution, as described in the
setup. The nanopore device is clamped horizontally in bepervious section. After establishing a stable ionic current
tween two parts of a Pofgimethylsiloxang (PDMS) cell;  through the nanopore, we addul to 5 ul of DNA solution
see Fig. 3. Each of these parts contains a fluidic reservoir destimated concentration between 100 and 50Quhgto the
about 50ul, and the nanopore is the only connection be-cis reservoir of the setup, which contains betweerp2@nd
tween the two reservoirs. Both reservoirs contain a Ag/AgCEO ul of solution and is kept at a negative potential. Figure 4
electrode for electrical contact to the liquid. A patch-clampshows the ionic current versus time at 120 mV bias before
amplifier (Axopatch 200B amplifier from Axon Instruments and after addition of 11.5 kbp DNA. The nanopore is by far
was used to apply a voltage over the two electrodes and tthe highest impedance in the electrical circuit, and therefore
detect and amplify the resulting ionic current. The signal isthe magnitude of the current is solely determined by the
low-pass filtered using a four pole Bessel filter with a cutoffimpedance of the nanopofgypically around 30 M) for a
frequency of 10 kHz. The signal was then digitiz@dth an ~ 10-nm pore¢. We clearly observe short depressions of the
Axon 1322A digitizej at 200 kHz and recorded to the hard ionic current in the presence of DNA. The ionic current was
disk of the computer. All experiments were performed ataveraged during 2 ms before each event to determine the
room temperature. We also recorded the current signal corepen-pore current. This was done for each event individually
tinuously on a Digital Audio TapgDAT) with a Dagan to compensate for slow drift of the open-pore currerm to
DAS-75 recorder. 5 pA per minutg. The drift is likely to be caused by shifts in

A well-known difficulty of small fluidic systems is prim- the potential of the Ag/AgCl electrodes and concentration
ing it with the electrolyte solution. Incomplete priming can changes due to evaporation. All further analysis was per-
result in trapped air bubbles inside the nanopore, blockindormed on currents relative to the open-pore curtgft jine
the ionic current partially or even completely. We found thatWe determined the time duratiofty,e,) Of the event and

C. Experimental setup
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_ FIG_. 5.(a) Event_scatter plot of 1855 events recorded at 120 mV FIG. 6. (a) Examples of recorded events fafDNA. The gray
bias with 11.5 kbp linear DNA molecules. For each event the dwell . "=’ ™. . R .
noisy line is the raw data; the black line is the result of a fitting

time and the average amplitude were determined. Each point in the” ™. .
. : algorithm discussed later. The top panel shows events of type 1.
graph corresponds to a single eve(ti) Histogram of observed

dwell times for 11.5 kbp DNA(c) Histogram of observed ampli- These events have a single plateau_ at the first level. !3e|ow are
; events of type 2. These also have a single plateau, but twice as deep
tudes for 11.5 kbp DNA.(d) Histogram of observed areas for : . -
as 1. The third panel shows events with two plateaus: First at the
11.5 kbp DNA.(e) Event scatter plot of 1598 events recorded at !
. . . second level and then at the first. These events are labeled as 21
120 mV bias with 48.5 kbp-DNA molecules. (f) Histogram of events. Bottom panel: Examples of more complicated event shapes
observed dwell times for 48.5 kbp DNAQ) Histogram of observed ' P ' P P pes.

amplitudes for 48.5 kbp DNA(d) Histogram of observed areas for (.b )_(.d ) F_’hyS|caI |nterpretat|qns of various event types. Transloca-
48.5 kbp DNA. tion is directed from left to right.

integrated (I (t) =l ase 1nd Versus time. This integral is de- DNA depicted in Fig. 6a) clearly demonstrate. They can be
noted the “area” of the event and is used to calculate th&lassified into several types, as discussed below. Discrete
average amplitudél,,=areaty,e . Thousands of events current levels are further demonstrated in Fig. 7, where we
were analyzed, and the results are plotted in Figa) &nd ~ show a histogram of Zes current samples relative to the
5(e), where each point represents a single event. Figuiss 5 base line. Note that each count in this histogram corresponds
and 5f) show histograms ofy,.; and Figs. &) and §g)  to a single current measurement, not to a single event. A
show histograms df,;,., for these two molecules. As is clear typical recorded time trace lasts about 6 ms and therefore
from these figures, events are clustered together for bothenerates roughly 1200 counts in the histogram. Figure 7
molecules. Both the dwell time and amplitude distributionscompiles about 1600 time traces, ox20® counts. Sharp
appear to be quite broad. The two are correlated though: Theeaks at 0 pA, 150 pA, 294 pA, 434 pA, 569 pA, and
shorter the dwell time, the higher the amplitugg,. Com- 699 pA are evident. The first peak at 0 pA is the open pore
paring the results for the two molecules we find a similarcurrent, recorded before and after the event.
distribution of amplitudes for both a peak near 140 pA and a The fact that we only observe the current blockades in the
tail up to 300 pA. The dwell-time histograms, however, arepresence of DNA proves that they are caused by DNA mol-
quite different: For the 48.5 kbp-DNA we find typical  ecules interacting with the nanopore. We interpret peaks la-
dwell times between 1 ms and 2 ms, about a factor of hbeled 1-5 as corresponding to the presence of one or more
longer than the 150—-35(s observed for the 11.5 kbp mol- double strands of DNA inside the pore. Note that we observe
ecules. events that have up to five ds-DNA within the pore simulta-
Closer inspection of the current data suggests that oneously. Two effects can cause the presence of more than one
many occasions, single events consist in fact of one or mordouble-strand inside the pore: Two or more molecules can
plateaus at discrete current levels, as the events for 48.5 klipanslocate at the same time or a single molecule pass the

051903-4



TRANSLOCATION OF DOUBLE-STRAND DNA THROUGH.. PHYSICAL REVIEW E 71, 051903(2005

1000000 T T T . . . . . . a 400 48 kb DNA, 60 mV bias d 400 48 kb DNA, 120 mV bias
asof asof + ",
100000 | 300f 3004 +
E g 20 g 20
L 3 200t $ 200
10000 | =4 P =
3 3150?,& R §1so
< <O
100 ﬁo‘&'&.‘.&.’.“» PR TR 100
[ sof 50
1000 L
2] E 0 0 2
£ 0246 8101214 16 18 20 6 2 4 6 8 10
3 F Dwell time [ms] Dwell time [ms]
O
100 | b 40 € 150
3 30 00
10 | 310 g %
E 0 Lnn 0 PPN
0 2 4 6 81012 14 16 18 20 012345678910
Dwell time [ms) Dwell time [ms)
1 c 30 f 200
100 O 100 200 300 400 500 600 700 800 900 25 150
I-1 i [pA] 7] 20 @?
baseline £ 15 £ 100
= -1
) . 3 10 2 50
FIG. 7. Histogram of 5us current samples, obtained from about € s i © .
. 0 n
1600 recorded time traces, each about 6 ms long. For each event the 0 200 1000 (i 600 800 1000

400 600 800 200 400
Integrated area (fAs) Integrated area (fAs]

base line(open porg current was determined from the pretrigger
part of the measurement. This value was subtracted and a histogram g\ g, (a) Event scatter plot of events recorded at 60 mV with
was calculated from all recordedzs samples of the current, rela- 4g 5.kpp linear DNA moleculegb) Histogram of observed dwell
tive to the base line. times at 60 mV.(c) Histogram of the aredintegrated signalof
events at 60 mV.(d) Event scatter plot of events recorded at
pore in a folded fashion. We find that the average time be120 mV with 48.5-kbp linear DNA moleculege) Histogram of
tween events is around one second, much longer than thabserved dwell times at 120 mVf) Histogram of the areginte-
average duration, which is on the order of a millisecond oigrated signalof events at 120 mV.
shorter. If we assume that events are not correlated in time,
the chance that two events coincide is thus very rare. This igoltage that is applied over the pore. To demonstrate the
in conflict with the high ratio of higher-order evenisp to influence of the driving voltage on the current blockades, the
50% of detected events contain a plateau above the 1)Jevefollowing experiment was performed. After collecting the
and thus the folding mechanism appears to be most likelflata on 48.5 kbp lineax-DNA at a voltage of 120 mV dis-
explanation. In Sec. Ill D, we will interpret the data in terms cussed above, we reduced the bias voltage to 60 mV, a factor
of folded translocations. of 2 lower. At this lower voltage, blockades occurred much
The expected current signal when a DNA molecule is in-ess frequently. Figure(8) shows a scatter plot of dwell time
side the nanopore will depend on the exact geometry of thand amplitude of the 307 events collected at this voltage. For
pore. If we assume that the pore is cylindri¢ahd ignore  comparison the results for events recorded at 120 mV are
edge effectg the current through the open nanoporel is shown again in Figs. (@)—-8(f). The general shape of the
=oAV/l, whereo is the conductivity of the electrolyté is  distribution is similar, but the magnitude of both dwell time
the cross section of the por¥,is the bias voltage, andis  and amplitude have changed. We now find amplitudes be-
the length of the pore. When a polymer is inside the pore, théween 75 pA and 150 pA, half of the 150 pA to 300 pA ob-
relative change in current will bal/I=AA/A, whereAAis  tained for the 120 mV events. This is explained by the notion
the cross section of the polymer. Based on this simple modethat DNA molecules change the ionic conductance of the
we expect current blockades of about 4% for a 2-nm-dianpore. Therefore, a reduction of the driving voltage by a factor
DNA molecule inside a 10-nm pore. This is in good agree-of 2 will lead to a reduction of the measured current by the
ment with the experiments where we find the first discretesame factor. The main peak in the dwell time histogram of
plateau in the ionic current depression at about 3% of thehe 60-mV data is roughly between 2 and 4 ms, a factor of 2
open-pore current. Note that the peaks in Fig. 7 are equididonger than at 120 mV. Clearly, the reduced voltage gives
tant, in agreement with the assumption that the curreniise to slower dynamics. Note that the integrated-area histo-
blockade is proportional to the total cross-sectional area oframs Figs. &) and §f) are about equal.
the double strands of DNA.

C. Interpretation of current blockades

B. Influence of the bias voltage Our results are in good agreement with similar experi-

The negatively charged DNA molecules experience aments on solid-state nanopores bydtial. [3], who found
large electrostatic force inside the pore due to the electrisimilar results and demonstrated convincingly that current
field in the pore. This force can be varied by varying the biaslockades are caused by translocation of DNA through sili-
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con nitride nanopores. We find that the event duration de- a 400 -ttKeBNA120mV blas . g 400 28K DNA, 120 mV bias

pends strongly on the length of the molecules in solution, 350} . T 1 . The ]

which provides strong evidence that the observed blockades _ 300¢

of ionic current are caused by translocation of DNA mol- & 250¢ ;

ecules from thecis to the trans side of the pore. It is very ~ §2%p = = - e

unlikely that the events are caused by DNA insertion in the g::z Reh T T

pore without translocatiofi.e., molecules are released back sl

into the cis reservojrbecause the observed dependence of g .

the residence time on the DNA length is incompatible with A~ e T

this picture. The length dependence will be further demon- b 160 o 100 —

strated in an additional experiment on a mixture of DNA, 1 e 80 "ot

presented later. When we invert the polarity of the applied €% £ 0

voltage, current blockades are extremely rare. This observa- & eo S 40

tion is also in agreement with the interpretation in terms of 20 0

translocation, and the rare events that are observed at inverse % 100 I8 8 00 100 10 %7 2 el et © !

bias can be attributed to translocation of molecules from the c 200 §

trans to the cis side. It is interesting to note that a much . gt e

fainter second band of events is apparent in Fig) &t £ -

roughly double the time scale as the first band. We argue that 8

complementary sticky ends present on shBNA cause oc- o A,

casional binding of two DNA molecules. This would explain %70 20 30" 40 50 60, 70 80 % 200 400 600 800 . 1000
R Integrated area [fAs] Integrated area [fAs]

the second band of events at longer dwell times compared to

the main band. FIG. 9. (a) Event scatter plot of type-gray) and type-2black)
events recorded at 120 mV with 11.5-kbp linear DNA molecules.

(b) Histogram of observed dwell times for 1 and 2 evefity His-

D. Analysis of translocation events togram of the areéintegrated signalof events of type 1 and 2d)

Further analysis of individual events was performed using=vent scatter plot of type-igray) and type-2(black events re-
a dedicated Labviewa graphical programming language corded at 120 mV with 4E_5.5-kbp linear DNA molecglée) Histo-
from National Instrumenisprogram. Our main aim was to 9ram of observed dwell times for 1 and 2 evertts Histogram of
determine the height and duration of the plateaus within afl'e aredintegrated signalof events of type 1 and 2.

event. The position of the peaks in Fig. 7 is the basis for oupther, without any folding. Figures(® and 9d) show a
event-fitting algorithm to allow sorting and automated analy-scatter plot of events of type 1 for the 11.5-kbp and
sis on a large number of events. At the position of the peakag 5-kbp data sets, respectivelplotted in grey. In Figs.
in Fig. 7 we define discrete levels labeled from 0 to 5, andy(b) and 9e) the histograms ofy,,., are plotted, and in Figs.
for each event we fit all current data to the nearest discretg(c) and 9f) we show a histogram of the areas. In a similar
level. If a certain level lasts shorter than 38, we discard it way, we analyzed events of type 2, which are interpreted as
and change it to the level directly following it. This proce- molecules folded exactly in the middle. It should be noted
dure is performed because the data was filtered at 10 kHzhat\-DNA has single-strand “sticky ends” at both ends and
and consequently levels shorter than &0 are likely to be that these ends can bind to form circular DNA. Translocation
caused by a slow response of the filter to a level change advents from circular molecules are expected to look identical
more than one “step.” Another cause for undesired shorto molecules folded exactly halfwafsee also the data on
events is that occasionally the random noise reaches tharcular DNA discussed belowThe 2 results were plotted in
threshold for a neighboring level. The fitting procedure re-black in the same graphs as the type-1 events for compari-
duces each event to a sequence of one or more subevenssn. For both data sets, we fitted a Gaussian to the peaks in
where a subevent is characterized by one of the five discrethe dwell time and the area histograms. The results are
levels of current blockade and its duration. Figuta) 8hows  shown in Table |. We see that, for both molecules, the dwell
the measured signal for a number of events and the result ¢iime of 2 events equals about half the time of the 1 events.
the described fitting procedure. We group similar events byAdditionally, the areas are almost constant: If we look at the
the sequence of levels of its subevents. Events of type 1, fantegrated area for both types of events displayed in Figs.
example, are simple blockades to the first level. Events 08(c) and 9f), we find a difference of less than 10% between
type 21 consist of two subevents, first at the second level antype 1 and 2. Apparently, the average velocity of the mol-
subsequently the first level. This labeling allows us to studyecules is roughly identical for folded and straight DNA trans-
statistics of subsets of all measured events. Figu(tes-6(d) locations.
show the physical interpretation of a number of event types. Another type of event that frequently occurs is the 21
The sorting algorithm described in the methods sectiorevent—i.e., blockades where we first observe a deep block-
allows us to study well-defined subsets of all measuredde at the second level, followed by a plateau at the first
events. First we take a look at the most simple events, thodevel. These events fall in between the 1 and 2 events in the
of type 1. These events are straightforwardly interpreted ascatter plotfcompare Figs. @ and 9d) to Figs. &) and
simple linear translocations of molecules from one end to th&(d)]. Now we definet; as the duration of the first subevent
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TABLE I. Summary of experimental results: Events detected for 11.5 kbp and 48.5 kbp DNA were sorted
to type. The peaks in the dwell time and area distributions were fitted to a Gaussian to determine the mean
and standard deviatioa.

11.5 kbp DNA(N=1855

tdwell tdwell Area Area
% of mean o mean o
Type Number total (us) (us) (fA's) (fA's)
1 1186 63.9 292 38 36.5 4.8
2 102 55 143 12 32.1 2.8
21 513 27.7 a a 35.0 4.0
12 4 0.2 b b b b

48.5 kbp DNA(N=1598

Type Number % of tawell tawell Area Area
total mean o mean s
(mg) (m9) (fA's) (fA's)
1 633 39.6 1.96 0.28 298 45
2 72 4.5 0.90 0.12 258 28
21 683 42.7 a a 285 34
12 4 0.3 b b b b

AWide non-Gaussian distribution.
PToo few events were detected for reliable fitting.

(at level 2 andt, as the duration of the second subev@it distribution that is roughly uniform within the experimental
level 1). Figures @b) and 9e) showt, versust; for 11.5 kbp  error. Note that the absence of events with a folding location
and 48.5 kbp DNA, respectively. For both molecules, we ob-around 0.1 in the case of 11.5 kbp DNA is caused by the
serve a linear relation between the two. We interpret these 2flnite time resolution of the electronics. Events of type 21
events in the following way: DNA passes the pore in a foldedwhere the double part occupies the pore for less than about
state. First, the double part of the molecule passes the porgg us are likely to be detected as 1 events.
followed by the residual linear part of the molecule; see Fig. Since DNA is coiled up randomly in solution, one would
6(d). It is interesting to note that events of type 12 are rareexpect that the distribution of fold locations is completely
see Table I. It thus appears that once translocation starts infeat. We see however that unfolded moleculeapture posi-
linear fashion, capture of the other end in the pore is quitejon 0) appear about 10 times more often than expected. Ap-
unlikely. parently, it is more likely to initiate the translocation of a
In Table I, we summarize our findings. It appears thatbNA molecule at one of its ends than at another position. We
more than 85% of events can be identified under the simplgpeculate that the kink in the DNA that is necessary for entry
assumption that a molecule passes the pore either linearly @i a folded state causes a considerable energy barrier in the
with a single fold. We now estimate the position of the fold translocation process. This may explain the difference in fre-
along the molecule from the measured event. We define thguency for folded and unfolded translocations.
capture position ax/L, wherex is the distance from the  Additionally, we find that for 48.5 kbp DNA, a fold posi-
folding point to the nearest end of the molecule &nig the  tion around 0.5 is about a factor of 2 more likely than other
total contour length. Linear, unfolded translocations of type Inonzero folding positions. This feature can be accounted for
have a fold position of 0, and type 2 translocations a foldby the presence of a small fraction fDNA molecules in a
position of 0.5. To estimate the capture position from type 2XLircular statex-DNA contains complementary “sticky ends”
we assume that the first “double” plateau is related to thef about ten bases at both ends of the molecule, which pro-
passage of two double strands with lengtim parallel and  mote the formation of circular DNA. We do not observe this
that the following single blockade is the residual part of thefeature for the 11.5 kbp sample, since the restriction enzyme
molecule with length(L-2x). Assuming constant velocity, that linearizes the vector leaves sticky ends of only four
the capture position can now be estimated;&€t;+t,). In  bases, which are too short for any detectable fraction of cir-
the histogram in Figs. 16) and 1@f) we show the result of cular DNA. Complementary sticky ends RfDNA also ex-
this analysis, compiling results for 1, 2, and 21 type eventsplain the pronounced second band of events in Fig. 5. We
for both 11.5 kbp and 48.5 kbp DNA, respectively. Disre- attribute this to events that are caused by twbBNA mol-
garding the positions 0 and 0.5 for the moment, we see acules bound together.
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the linear molecules. We attribute this difference to differ-
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', sl ences between the pores that were used. The diameter of the
€ 1000 f pore was 8 nm in this experiment. The length of the pores,
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Qb C RS CAR R R aar F. Nanopore experiment on a polydisperse DNA mixture
capture position capture position The observation that the dwell time increases with in-

FIG. 10. (a) Event scatter plot of type-21 events recorded atcreasing I'ength of DNA suggests that nanopores can be used
120 mV for 11.5 kbp DNA.(b) The duration of the firstt,) and to dg;ermme the lengths of unknown fragments, 'analogous to
second(t,) plateau within the 21 type events were determined anotrad't":malI gel elgctrophoreSIS. As a first evalu_atlon, we ana-
plotted as a scatter pld) Calculated capture position for 11.5 kbp 1yZed translocation events recorded on a mixture of DNA
DNA. (d) Event scatter plot of type-21 events recorded at 120 mvifagments with known sizes. A commercially available mix-
for 48.5 kbp DNA.(e) The duration of the firstt;) and secondit,) ture of DNA markers for gel electrophoresis was tested. The
plateau within the 21 type events were determined, and plotted as/®@ixture contains fragments that remain after incubation of
scatter plot(f) Calculated capture position for 48.5 kbp DNA. A-DNA with the Hindlll restriction enzyme. The mixture

contains fragments of sizé€4) 23 130 bp,(2) 9416 bp,(3)
E. Circular DNA translocation events 6557 bp,(4) 4361 bp,(5) 2322 bp,(6) 2027 bp,(7) 564 bp,
and(8) 125 bp. Because linearDNA contains single-strand

As a further test of the folding model, we conducted an-sticky ends, fragmentgl) and(4) can bind together to form
other experiment with circular double-strand DNA of effectively a 27 491—bp fragment. We performed a gel elec-
11.5 kbp length and an 8-nm pore. Circular DNA can exist introphoresis experiment in order to determine the amount
various isomers, since the loop can contain a number of diffragments bound in our sample. Figure 12 shows the gel
ferent “twists”[8]. This supercoiling effect has a large effect results for the mixture as suppli¢léft lane) and after a short
of the structure of the molecule. To circumvent these effectsheating to about 60 ° Cright lane. We find that indeed frag-
we worked with double-strand DNA with one nick: The ments(1) and(4) are bound together almost completely in
backbone of one of the two strands contains a single brealthe material before heating. We conclude that the following
allowing supercoils to relax. This way we can be sure to havdragment sizes are present in the material as supplied:
DNA molecules in an identical state. Repeating our nanopor@7 491 bp (1+4), 9416 bp (2), 6557 bp(3), 2322 bp(5),
experiment with a bias voltage of 120 mV on this nicked 2027 bp(6), 564 bp(7), and 125 bp(8).
circular DNA, we again observe clear blockage events. With A nanopore translocation experiment was carried out in
the same data analysis described earjgr, andly . were  the manner reported in the preceding sections using the DNA
determined for all events, and the results are plotted in Figmixture as supplied, without heating. Events were analyzed
11. The distribution of events appears to be qualitatively dif-with the same protocol as discussed in the materials and
ferent from the distribution observed for linear molecules.methods section. First, we look at the distribution of dwell
Instead of a band of events, we detect primarily type-2imes for type-1 eventglinear translocations without fold-
events. The average dwell time is around @) and the ing). The histogram shown in Fig. 13 shows the result of this
amplitude is around 120 pA. The value for the dwell time analysis. Quite clearly we observe three peaks at 1 ms,
agrees reasonably well with the value of 148 for type-2 260 us, and 16Qus, and we identify these peaks as caused
events for the linear molecules. The value for the amplitudeby fragmentq1+4), fragment(2), and fragment3), respec-
however, significantly deviates from the 240 pA observed fottively. Figure 13b) shows an integrated-area histogram from
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FIG. 14. Average velocity and dwell time vs DNA lengthyel
was taken as the most probable dwell time for a molecule—i.e., the
location of the peak in the dwell time histogram. The average ve-
FIG. 12. Gel electrophoresis on the DNA mixture. The left lanelocity (v) is calculated a& /tyye.
shows the DNA mixture as supplied; the right lane contains the
same mixture that was heated to about 60 °C and cooled shortl

before loading. The nanopore experiments were performed on m -IOt shows a power-lavg,e ~L fit to the data, with an
terial as supplied. Note that without the heat treatment the frag; xponenta of 1.26. Figure 14 also shows the average trans-

ments of 4361 bases and 23 130 bases are bound together to Ocation velocity calculated d8)=L/tywe for all molecules.

single molecule of 27 491 bases. We now compare these results to published data on _single-
strand DNA and RNA translocation througi+hemolysin.
First, there is a large difference in translocation velocity. At a
driving voltage of 120 mV, nucleic acids thread the
a-hemolysin pore at a rate of about 1 base per microsecond
[9], equivalent to about 0.5 mm/s. This is much slower than
the 10 mm/s that we observe for double-strand DNA. This
From the DNA-mixture experiment, it is clear that the effect can be explained by a difference in effective friction
longer the DNA, the longer the translocation time. To makebetween the polymer and pore-hemolysin appears to have
this claim more quantitative, we compile the average dwell-strong specific interactions with the passing polymers. In this
times observed for all linear type-1 translocations in Fig. 14system, the translocation time scales linearly with length
We find a nonlinear behavior for the translocation titgg,,  [1,5]. It thus appears that the DNA inside the nanopore dic-
as a function of the length. The straight line on the log-log tates the speed of translocation. In contrast, the solid-state
nanopores used in this research were relatively wide com-
6557bp 9416 bp 27491 bp pared to the double-strand DNA. We argue that this leads to
i a negligible drag forcénside the nanopore and thus to high
translocation velocities. In this regime, we expect that the
primary drag force is the hydrodynamic drag on the full
length of DNA. The observed decrease of translocation ve-
locity with length is in agreement with this assumption. A
scaling model for polymer translocation through solid-state
nanopores will be published elsewhgid].

all measured events, again showing three clear peaks.

IV. DISCUSSION

Counts

3 & 8 8

o

00 Gy (0]

eor V. CONCLUSIONS
120} . .
8 To summarize, we have observed single-molecule DNA
g il translocation events through silicon oxide nanopores fabri-
| cated by our new TEM shrinking technique. Using nanop-

ores of 8-10 nm diameter, we have detected translocation
events for DNA fragments of 11.5 kbp and 48.5 kbp. The
distribution of both the event duration and their amplitude
FIG. 13. Top panel: histogram of dwell times of type-1 eventsCan be qualitatively well understood if we take folding of the
obtained with a mixture of DNA molecules. The four peaks can bemolecules into account. A detailed analysis of the exact
identified with the longest fractions of DNA present in the mixture. Shape of the event can then be used to estimate the fold

Bottom panel: histogram of the areas measured for all detectepiosition. In the future, similar techniques may be applied to
events. address the folding of RNA or even polypeptides.

10 00 Area [fAs]
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Moreover, we demonstrate that a nanopore-based detectisr relevant for the development of future nanopore-based de-
can be used analyze polydisperse mixtures of DNA, withtectors.
fragment sizes from 6.5 kbp to about 27 kbp. In this experi-
ment we analyze the translocation of about 2500 individual
DNA molecules(3x 10714 g) and find a clear separation in
length. This result proves the remarkable sensitivity of nan- We would like to thank the groups of D. Branton and J.A.
opores, although the resolving power in this first device isGolovchenko at Harvard University for their hospitality and
not yet up to standards set by traditional gel electrophoresisadvice on nanopore experiments. We also thank John van

Finally, analysis of all translocation data shows that forNoort, Peter Veenhuizen, Nynke Dekker, Dick Korbee, and
unfolded translocations, the duratidg,e, scales with the Kees Storm for their support and discussions. This research
length L as tq,e~L% with an exponenta of 1.26. This  was financially supported by the Dutch Foundation for Fun-
behavior is in disagreement with existing models for trans-damental Research on Matt@OM) and the Dutch Organi-
location and suggests that a different mechanism dominatesation for Scientific ResearddNWO). J.H.C. is grateful to
the translocation dynamics in these experiments. Undeithe Netherlands Institute for Metals Reseaf®MR) for
standing the underlying physics of the translocation procesBnancial support under Project No. MC4.98047.
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