DNA translocation through a-hemolysin
nanopores with potential application to
macromolecular data storage

Cite as: J. Appl. Phys. 97, 104317 (2005); https://doi.org/10.1063/1.1905791
Submitted: 20 December 2004 . Accepted: 17 March 2005 . Published Online: 06 May 2005

Pramod K. Khulbe, Masud Mansuripur, and Raphael Gruener

AT f
L A |

i J

L 0

View Online Export Citation

(7))
.2
(7))
>
Y
on
o
co
- S —
50
oQ
P g

ARTICLES YOU MAY BE INTERESTED IN

Polymer capture by electro-osmotic flow of oppositely charged nanopores
The Journal of Chemical Physics 126, 164903 (2007); https://doi.org/10.1063/1.2723088

lon selection of charge-modified large nanopores in a graphene sheet
The Journal of Chemical Physics 139, 114702 (2013); https://doi.org/10.1063/1.4821161

Electrical characterization of protein molecules by a solid-state nanopore
Applied Physics Letters 91, 053901 (2007); https://doi.org/10.1063/1.2767206

2017 Journal
Impact Factor:

Applied Physics Reviews 12.894

Now accepting original researchy

J. Appl. Phys. 97, 104317 (2005); https://doi.org/10.1063/1.1905791 97, 104317

© 2005 American Institute of Physics.



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/427399692/x01/AIP/HA_JAP_Open_PDFCover2019/HA_Open_JAP_PDF_2019.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.1905791
https://doi.org/10.1063/1.1905791
https://aip.scitation.org/author/Khulbe%2C+Pramod+K
https://aip.scitation.org/author/Mansuripur%2C+Masud
https://aip.scitation.org/author/Gruener%2C+Raphael
https://doi.org/10.1063/1.1905791
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.1905791
https://aip.scitation.org/doi/10.1063/1.2723088
https://doi.org/10.1063/1.2723088
https://aip.scitation.org/doi/10.1063/1.4821161
https://doi.org/10.1063/1.4821161
https://aip.scitation.org/doi/10.1063/1.2767206
https://doi.org/10.1063/1.2767206

HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSIC®7, 104317(20095
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Digital information can be encoded in the building-block sequence of macromolecules, such as
RNA and single-stranded DNA. Methods of “writing” and “reading” macromolecular strands are
currently available, but they are slow and expensive. In an ideal molecular data storage system,
routine operations such as write, read, erase, store, and transfer must be done reliably and at high
speed within an integrated chip. As a first step toward demonstrating the feasibility of this concept,
we report preliminary results of DNA readout experiments conducted in miniaturized chambers that
are scalable to even smaller dimensions. We show that translocation of a single-stranded DNA
molecule(consisting of 50 adenosine bases followed by 100 cytosine b#sesgh an ion channel

yields a characteristic signal that is attributable to the two-segment structure of the molecule. We
also examine the dependence of the translocation rate and speed on the adjustable parameters of the
experiment. €005 American Institute of PhysidDOI: 10.1063/1.1905791

I. INTRODUCTION trary sequence such axyxyyxy--xyx to represent binary

sequences of user data.g.,x=0, y=1).%* The macromo-

Digital information can be encoded in the building-block lecular data blocks must be created imate station trans-

sequence of macromolecules, such as RNA and singlderred toparking spotdor temporary storage, and brought to
stranded DNA. In principle, the four nucleotides of DNA, for a read stationfor decoding and readout. The “erase” opera-
example, can be used to represent a 2-bit sequéngeg A tion is as simple as discarding a data block and allocating its
=00,C=01,G=10, andT=11), although practical consider- parking spot to another macromolecule. The parking spots
ations may impose certain restrictions on the specific sednd read/write stations depicted in Fig. 1, for example, are
guences that can be used to encode the information. A dafficrofluidic chambers connected via microchannels and mi-
storage device built around this concept must have the abilitg"0valves(not shown that enable automatic access through
to (i) create macromolecules with any desired sequence & electronic addressing schefaith the dimensions of the

building blocks, i.e., write or encode the digital information vanotus chanlbgrsﬁl‘gdl;:ated n F'g't 1t' ?nfeican kr_eadlly |tncor-
into macromolecular strand§j) analyze and decode the se- porate, on a 1.0-cfrsurface area, a total of 1parking spots

. . %~0.25 cn?), 1000 read/write statione~0.1 cn?), and the
quence of a previously created macromolecule, i.e., read thnecessar lumbingg.g., 1um-wide connecting routes and
recorded information; andii) provide an automated and re- yp G-, 21 g

liabl hani f ferri h lecul 1x 1-um? binary valves or switcheéswhich would occupy
lable -mechanism for transferring the macromolecules,, o.e, of-0.65 cnf. Assuming megabyte-long data blocks,

among the r_ead station, the _Write station, and designated Igfq storage capacity of the 8parking spots in this scheme
cations(parking spotsfor storing each such macromolecule. i pe 1012 bytes/cr. In a three-dimensional design based

Although methods of writing and reading macromoleculargp 10,m-thick layers, the capacity of the proposed molecu-
strands are currently available.g., arbitrary sequences of

oligonucleotides can be synthesized, and DNA sequences 1 MB macromolecular data-block

can be deciphergdthese methods require large machines (length ~1 cm, diameter ~ 1nm)
and are slow and expensive. In an ideal molecular data stor- A\ ;
age system, routine operations such as write, read, erase, L—=A— 4
store, and transfer must be carried out within an integrated wa(
chip, reliably and at high speed. Lty e oA

As a possible alternative to present-day mass data stor- = E £ Faking Spot
— §

age devicese.g., magnetic and optical disks and tgpes 6/ (5% 5% 5 pm’)
envision a system in which data blocks are encoded into — 7
macromolecules constructed from two or more distinct = e s n

) : —(100 x 100 x 5 pm3y————— .
bases, say andy; the bases can be strung together in arbi- i 1ot Layeflgz;k“ess

dauthor to whom correspondence should be addressed; electronic maiFIG. 1. Chip surface area utilization. The same arrangement of read/write
pkkhulbe@u.arizona.edu stations and parking spots is repeated in stacked layers.
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lar storage system would exceed'3Bbytes/cr. @
Presently, secondary storage of data is the domain of
magnetic hard disks, removable magnetic me@ia., zip
disk and magnetic tapeoptical disk drivege.g., compact
disk-recordabléCD-R) and digital versatile disk-rewriteable
(DVD-RW)], and magneto-optical media. All these storage
technologies are inherently two dimensional in the sense that
information is recorded on a thin layer at the surface of a
disk or a tape medium. Considering possible advances in
read/write heads and media technology, current methods of
data storage can keptimistically) pushed to densities in the
range of 75—150 GB/cfn Going beyond this range, how- (b)
ever, will be problematic owing to the fundamental physical i Teflon Frame
limitations. The optical storage technology is exemplified by
DVD-RW, a 12-cm-diameter platter having a capacity of | ======m §& [=———==

4.7 GB. The next-generation DVDs are expected to use blue Trans chamber == g © Cis chamber
lasers (wavelength ~400 nm) and have a capacity of kPN e 3 1, STORTN
~25 GB per platter. Double layer disks with capacities of
~50 GB are also feasible. Beyond this, the optical drives
planned for the year 2010 and beyond are expected to have
capacities in excess of 100 GB, although several technical
hurdles must be overcome before such devices can even be
demons’,trated n the laboratory. TO summarize, bOth, magnetlIglG. 2. (a) Photograph andb) diagram of a read station built inside a 10-
and optical recording technologies have the potential for termm.thick H-shaped Teflon frame. A Teflon tube, shrunk at one end to a
abyte capacity, but it is highly doubtful that these technolo-20-um-diameter aperture, goes through the central wall and forms a tight
gies can reach into the petabyte domain. The concept pl’(?g"?‘l bt_atween theis andtrans chambers. The 6-mm-long, 4.6-rr_1m-diameter
. . . . ._ cylindrical chambers are large enough to hold the buffer solution for several
Posed m this paper has the pf)tentlal _to I’evomtlpnlzenours; evaporation reduces the buffer by 50% in 24 h. The chambers are
information storage at extremely high density and rapid reconnected to an Axopatch 2008 amplifier via Ag—AgCl electrodes. The
trieval rates required for massive databases of the future. F@p-um-diameter aperture holds(aertica) lipid bilayer, into which one or
a comparison with a current state-of-the-art technology, not <_)rea-HL ion channels are implanted. Sing!e-stranded D_NA molecules are
. . riven through the channel by an applied voltage in the range of
that storing 1&° bytes of data on conventional DVDs re- gy 510 my. positive at theans side.
quires a 128-m-tall stack of these 12-cm-diameter platters;
the same amount of data that the 13amolecular data stor-
age device of Fig. 1 is expected to be able to handle. tiple parking spots on the same chip. In the read station de-
In an effort to demonstrate the feasibility of the proposedpicted in Fig. 2, the needlelike end of the tube that connects
molecular storage scheme, we have built miniaturized reathe cis and trans chambers was covered with a Teflon cap
stations for DNA strand$3 The idea is to translocate single- (aperture diameter-20 xm) to promote the formation of a
stranded DNA molecules through a nanopore while monitorlipid membrane over the aperture. The nanopore, self-
ing the variations of the electrolytic current through the poreassembled in the lipid membrane from seven subunits of
as has been described elsewhere in the context of gene anal+hemolysin(a-HL) protein, is a 10-nm-long ion channel,
sis and sequencirig™* Whereas in decoding a genome the whose caglength~5 nm) resides in thesis chamber, while
DNA sequence could be arbitrary, in the proposed data stoiits 5-nm-long stem spans the lipid membrane. The ion chan-
age application it is possible to tailor the sequence to theéel has an opening diameter of 2.6 nm at the entrance to the
characteristics of the read station. For instance, if the electrieap, 1.5 nm in the constricted region in the middle, and
cal signals corresponding to individual bases turn out to b@ 2 nm at the far end of the stem located in ttnans
indistinguishable[due to insufficient signal-to-noise ratio chambef®
(SNR) or because the ion channel is too long compared to  |n the read station of Fig. 2, thes chamber is accessed
the dimensions of single nucleotidesne might instead as- (under microscope contjolwith a micropipette from the
sociate the information bits with strings of identical basesiight-hand side, and th&ans chamber from the left-hand
for example, a string of 20 adenosines can be used to repreide. The micropipette is used for filling the chambers with
sent a 0, while a string of 30 cytosines could represent a lpyffer, addinga-HL or DNA to the cis chamber, and remov-
ing the additives by perfusion. At 5@t volume (partial
filling), the chambers are small enough to yield a low-noise
Il. MATERIALS AND METHODS electrolytic current signal, yet large enough to avoid prob-
lems associated with the evaporation of the liquids. If the
Our read stations, complete with electrodes and accesdevice dimensions were to shrink further, both chambers
ports, were molded from polydimethylsiloxaffDMS), cast  would have to be capped to prevent evaporation.
in a machined Teflon block. This design, which is scalable to  The buffer used in our experiments was 1-M KCI, 10-
even smaller dimensions, allows easy integration with mulimM  4-(2-Hydroxyethy)piperazine-1-ethanesulfonic  acid

Ag-AgCl Electrodes
- (120mv) —*
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(HEPES (pH~8.0), pH balanced by KOH, and the lipid 300 JIMKCI2T0mV) 2M KCI (120 mV)
was diphytanoyl phosphatidycholin®PC). The Ag—AgCl 250 1
electrodes were made by dipping a silver wire in Clorox. The 200
patch-clamp amplifier was Axon Instrument’s Axopatch 150 ]
200B. 100 ]
Prior to filling the chambers with buffer, 2L of a lipid ~ 50
solution in hexan€1.5 mg/ml) is released in the vicinity of §, 0
the 20um aperture between thes andtranschambers. The - -5041m kel (0 mv)
chambers are then dried under a mild stream of nitrogen, -100 1
thus allowing a thin layer of lipid to coat the surrounding -150-1MKC' (210mv)
walls without clogging the aperture. Care must be taken to -2004

completely evaporate the hexane, as even trace amounts in
the aperture area can ultimately destroy the bilayer. We
found that the lipid bilayer that must cover the aperture be-
tween the two chambers does not form properly when apgic. 3. Current traces obtained from a reconstituseHL. channel incor-
plied to a PDMS surface. Although PDMS s porated into a bilayer. The gray traces show the channel in the nonconduct-

hvdrophobic—a requirement for this application—its Oros_ing state(0 mV), forward conducting staté210 mV), and reverse-biased
y P q PP P state(—210 mV), in the presence of 1-M KCI on both sides of the bilayer.

ity U|tlmately deStrOyS the |Ip|d membrane a few mlr‘UIeSNote the difference in the current level between the +210- and -210-mV

after the formation of a bilayer. In the read station depictedraces, which indicates the channel’s asymmetric response to a polarity re-
in Fig. 2, the needlelike end of the tube that connectscie versal of the applied voltage. In the presence of 2-M KCI, and in response to

. an applied voltage of +120 myblack trace, the channel fluctuates sponta-
and trans Ch_ambers had to be covered with a Teﬂ(?n_ Capneously between the open and closed states—a behavior known as channel
(aperture diameter~20 um) to form a stable lipid gating.

membrane.

The cis and trans chambers(as well as the tube that pended in TE buffef10-mM tris/L-mM ethylenediamine tet-
connects them are subsequently filled with buffer. We ra5cetic acidEDTA)] at pH 8.0, before being released into
soaked 1.5 mg of lipid in L of hexadecane in a test tube tyecis chamber, where the final concentration GAGCy463’

for 60—90 s; the leftover hexadecane was then completelyas 7.15 nM/ml, while that of BAC)¢,3’ was 14.3 nM/ml.
drained, leaving a viscous lipid at the bottom of the tube. A

microcapillary tubginner diameter~300 um) was filled to

1-mm height from its tip with this viscous lipid in such a !ll. RESULTS

way as to form a convex meniscus at the tip of the capillarya. Gating behavior of a-hemolysin nanopore at high
Using a micromanipulator, this lipid meniscus was brushedCI concentration

across the 2Q:m aperture with a §I|ght pressure. A 60 Hz, One of our goals was to improve the SNR of readout by
5-mV square wave was then applied between the Ag_AgC||ncreasin both the KCI concentration in the buffer and the
electrodes across the bilayghe so-called seal tedb verify 9

) . applied voltage. The increased salt concentration, however,
that the bilayer is adequate. The above procedure succeedsqjg)gp g

i bil th fure in about 90% resulted in ion-channel gating, which is an unacceptable be-
fr:gatrlir;?sa proper biiayer across the aperture in abou ® $avior for the observation of DNA translocation events. The

i i higher voltage, on the other hand, helped raise the SNR by
~ Once a stable bilayer was obtained, 40 ngvefil pro- o jhancing the signal without causing much increase in the
tein was dissolved in ZL of buffer and added to theis ;

chamber. Applying a 120-mV potential across the bilayer — 1pq gray traces in Fig. 3 show the electrical current
enables one to observe the reconstitution of an ion Chan”%rough a single nanopore with 1-M KCI concentration at
into the bilayer, an event which is indicated by an abruptapp”ed voltage levels of +210, —210, and 0.0 mV, respec-
jump of the current from 0 to~120 pA. The observed tyely. The channel is always open at this KCI concentration,
voltage-to-current ratio of~1.0 X2 is consistent with the gnd the forward current is just over 250 pA, while the re-
single-channel conductance afHL nanopores under simi- yerse current is about —200 pA. The width of the trace in
lar conditions, as reported in the literatdr8elf-assembly of each case is a good measure of the noise level present during
a single-ion channel within the lipid membrane typically the measurementThe KCI concentration was 1 M on both
takes 20-30 min, after which the excesdiL is removed ¢js andtrans sides; in other words, there was no transmem-
by perfusion with 10 mL of fresh buffer. brane gradient.

Two different oligodeoxynucleotide samples were used ~ When the KCI concentration is raised to 2 M, the ion
in our experiments: the'Bs,C;03’, with a total of 150 base channel exhibits a “gating” behavior, namely, it opens and
units/molecule, was used in the experiment described in Figsloses randomly, as can be seen in the black trace in Fig. 3.
4. All other experiments(reported in Figs. 5-10used The applied voltage was reduced in this case to +120 mV to
5'(AC)gp3’, with a total of 120 bases/molecule. Both make the forward curreritn the open state of the ion chan-
custom-synthesized, polyacrylic gel electrophoréBi&GE) nel) nearly equal to the forward current in the case of 1-M
grade samples were purchased from Midland Certified ReKCI concentration(At 2-M KCI, a gating behavior was also
agent CompanyMidland, Texas. The samples were sus- observed at higher voltages, up to 200 mV, and also when a

0.005 0010 0.015 0.020 0.025 0.030
Time (s)
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rent blockade than the other. This grouping has been sug-

3001 gested to arise from the translocation of the molecule in ei-
250 4 ther of the two orientations, namely,3:5" or 5 —3’, or it
200 5t 3 might represent the translocation of the polymer in one of the
two different structural conformatior’s? An asymmetric in-
g %01 teraction between the polynucleotide and the internal pore
= 100+ structure has been suggested as the cause of the observed
50 grouping in those occasions where the entry of the molecule
into the pore from its 5end produces a larger current block-
01 ade than when the’3nd enters the pore firkt.
T o 1. 1% In our 5 A5,C1903" SSDNA sample, keeping in mind the
: Time (ms) : fact that theC nucleotide is smaller than th& nucleotide,

the 100-base-lon@ segment is expected to drop the ionic
FIG. 4. Effects of ssDNA passage through theHL channel on current  current somewhat less than the 50-base-lasggment does.

flow. Single-stranded DNA having a sequence OAHBC;y;3' was intro- Th rder in which the hiah and low rtions of th ilevel
duced into thesis chamberwhere the cap of the reconstituted ion channel is e orde ¢ € high a d lo portions © e bileve

located. The buffer concentration was 1-M KCI, the applied voltage was signal occur during each translocation event depends on
+210 mV, and the amplifier bandwidth was 100 kHz. The channel's opewhether the 3 end or the 5 end of the molecule enters the
state is seen to be interrupted by four brief closufies., translocation nanopore first. Of the 29% bilevel events observed in the
events. The first and second events show two closure substates indicatin ; ; _
the translocation of sSDNA from the’ &nd to the 5 end. The third event g,forememloned experiment, ngarly-three q,uarter$ Were asso
also shows two substates which, however, are reversed, indicating the paSiated with theC segment entering first, during which events
sage of the ssDNA from the' ®nd to the 3end. TheAsyandCyppsections  the average normalized current(lyocred lopens  Was
of the molecule are not distinguishable in the fourth event. 0.37+0.09 for theC segment and 0.17+0.04 for theseg-
ment. In the remaining quarter of the bilevel evefassoci-
reverse voltageY=-120 mV, was applied.Apparently, at ated with theA segment entering firsthe average normal-
some KCI concentration between 1 and 2 M, the nanoporézed current was 0.20+£0.03 for th€ segment and
exhibits gating, irrespective of the level or polarity of the 0.12+0.04 for theA segment. These results are consistent
applied voltage. with the aforementioned suggestion that the entry of poly-
nucleotides into the pore from their ®nd causes a larger
. . current blockage than entry from thé 8nd.
B. Translocation of 5 'Ag,Cio3" single-stranded DNA The preceding statements based on only 49 complete

The single-stranded DNAssDNA) molecules traversed threading events are admittedly inadequate, as such measure-
the ion channel undev=210 mV at 1-M KCI buffer con- Ments are inevitably subject to large statistical variations.
centration, and were observed with the amplifier bandwidtH2Ur intent here has been a demonstration of the “possibility”

set to 100 kHz. In one trial, of the 171 translocation eventf encoding and decoding bilevel signals using single-
monitored, 49 events, or nearly 29%, showed a bilevel pestranded DNA molecules. A detailed understanding of the

havior. (Not every event is expected to exhibit a bilevel sig- Processes involved obviously requires extensive measure-
nal, either due to the large fluctuations of the blockade curMents and detailed statistical analysis, which will require a
rent or because of incomplete translocation, in which theéSeparate study in its own right.
molecule is trapped in the vestibular region of tad¢iL cap
for a certain length of time, then returned to ttis chamber
without traversing the ion channglThe bilevel behavior is
seen in three of the four events shown in Fig. 4. Transloca- Both the capture rate of the DNA molecules and the
tion duration for the entire molecule is typicallyl50 us. In  translocation speed through a single-ion channel were found
some instances, such as the first event in Fig. 4, the molecut@ be strong functions of the applied voltaggas has been
appears to get stuck in the midst of translocation, which reteported by other researchers as WefiThe three frames in
sults in a longer-than-average transition time. The fourthFig. 5 represent the translocation of 120-base-long
event in Fig. 4 is typical of the remaining 71% of events in5'(AC)g:3" DNA molecules under the influence of three dif-
which either the molecule entered the pore but did not comferent voltages. Atv=150 mV, the average open-channel
plete translocation or the bilevel signal was not clearly vis-current i(l o, ~ 160 pA, and many translocation events are
ible due to insufficient SNR(It is worth mentioning that, in  seen to occur. AV=120 mV andl,per ~ 130 pA, the trans-
our experiments, the bilevel signals weret observed for location rate has declined, and at=90 mV, (lgpen
V=120, 150, or 180 mV; the higher level of the applied volt- ~90 pA, the events are relatively rare.
age,V=210 mV, was necessary to obtain these sighals. The observed behavior may indicate that the increased
though bilevel translocation signals from two-segment RNAvoltage has somehow directed a large humber of DNA mol-
molecules have been reported in the literafuvee are not ecules(that would otherwise drift away from the vicinity of
aware of any such results in the published record for ssDNAthe pore toward the ion channel. This, in turn, is a clue
It has been shown by several research groups that, for @ncerning the transport mechanism of DNA molecules to-
given polynucleotide, translocation events generally fall intoward the pore, namely, that the drift of the molecule is not
two categories, with one group of events showing less curentirely controlled by thermal diffusion, and that the cham-

C. Effect of increased voltage
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FIG. 5. Translocation of 120-base-long(AC)g,3’ DNA molecules under % 350 | —#&— Total Events
three different applied voltages. There are seven overlapping traces at each S 3001
voltage corresponding to a total translocation time of 170 ms.VAt ~§
=150 mV, (lqpen ~ 160 pA and translocation events are frequent. At 8 2501
=120 mV, (lgpen~130 pA and translocation rate has declined. ¥t 2 200
=90 mV, (lgper ~ 90 pA and the events are rare. E
w5 150 1
. & 100 °
ber geometry and placement of the electrodes can influence S /
(and perhaps even contydhe motion of DNA strands to- 2 %9 ‘/.
ward the ion channel. When considering this particular 01
method of molecular readout in the context of data storage, it 90 100 110 120 130 140 150
must be remembered that, since individual macromolecules Voltage (mV)

are required to travel between their parking spots and th - . . . o
d/writ tations. controlled molecular transport is of ut- IG. 6. Characteristics of translocation events in the experiment depicted in
reaa/write stations, p Fig. 5.(Top) Fraction of time during which the ion channel is ogés., not

most significance. clogged as function of the applied voltagé (Bottorm) Translocation rate vs
Figure 6 shows some of the statistics of the translocatiompplied voltage.
experiment depicted in Fig. 5. Figurdt@p) shows that at
lower applied voltages the ion channel is opg@m®., not
clogged by a translocating moleculer a larger fraction of
time than at higher voltages. According to Figbéttom),
the translocation ratéi.e., number of events per second
whether completél) or incomplete(®), is an increasing
function of the applied voltage. The total translocation rate

ter the formation of a single nanopore. Given sufficient time,

however, additional ion channels reconstitute themselves in
the same lipid membrane. In one experiment, the lipid bi-

layer had a diameter of 2@m, resulting in a pairwise sepa-

(A), which is the sum of complete and incomplete translo- o

cations per second, increases nearly threefold betwéen 320 4

=120 mV andv=150 mV. uu o
Figure 7 shows the distribution of the event duratioh 280 Tho o

versus the current blockage in the experiment of Fig. 5. a T

These data indicate that, at higher applied voltage, there i¢ 240 g * pege m

less current blockage, perhaps because the molecules a ¢ : c',d:FE o

likely to be linearized, thus presenting a smaller cross sectiorZ »qg a ﬁ

to the pore. Also, at higher applied voltage the translocation'g & e A% ‘ﬁ? o

duration is reduced, meaning that the molecules travel faste 440 . & L% o

through the ion channel. The speed of the molecules passin 2\ a n'.

through the nanopore is seen to be roughly proportional to 45 | A AA%A

the applied voltage, as has been reported elsewHefaster a . 2

translocation, of course, is desirable for the data storage ap 80 4

plication as it results in a greater data-transfer rate, so long a 68 72 78 8‘0 - 8'4 ) 8'8 " 92 96

the SNR remains reasonably high at the correspondingly Current Blockage (%)

larger bandwidth.
FIG. 7. Statistics of translocation events in the experiment depicted in Fig.
. . ) 5. The percentage current blockage is shown on the horizontal axis, while
D. Experiments with multiple nanopores the duration of the event appears on the vertical axis. The cluster of the open
. . . triangles represents the case of applied voltdgd50 mV, the solid circles
In a typical nanopore experiment;HL proteins are re- correspond toV=120 mV, and the open squares represent the cadé of
moved(by perfusion from thecis chamber immediately af- =90 mv.
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Time (s) FIG. 9. Diagram of a read station designed to allow the study of back-to-

back nanopores. A nanopore inserted from tieside of the membrane

FIG. 8. A typical trace of the electrolytic current obtained when three iontransiocates DNA molecules from tt@s to the trans chamber, while a
channeldreconstituted in the same lipid membraogerate simultaneously ~"€Verse nanoporgnserted from théransside returns the molecules back to

and independently of each other. When a DNA molecule is stuck in one of€ €is chamber on reversing the applied voltage. Two cylindrical wells
the nanopores, the current drops@90 pA. With two nanopores similarly ~ (diameter=3.8 mm, height=7.0 mm, and volumg0 L) drilled in Teflon
clogged, the total current across the membrane 180 pA. The complete blocks serve asis a_ndtranschambe_rs. Each block has a 2.0-mr_n-d|ameter
translocation events are found to have average rates of 12.6, 6.2, arftple on one of its sidewalls, wherein holes are su_bsequently_ aligned face to
3.3 events/s, with zero, one, or two nanopores clogged, respectively. Thi&ce. The Teflon blocks are screwed together, with a 800thick Teflon
corresponding rates for partial events in these three cases are 19.2, 13.5, apget(perforated with a 4Q:m-diameter aperturesandwiched in between.

7.0 events/s, leading to total event rates of 31.8, 19.7, and 10.3/s. ' After filing both chambers with 1-M KCI/HEPES-KOKpH~8) buffer, a
lipid bilayer is formed across the 40m aperture; membrane formation is

monitored through the glass window of tleess chamber. Ag—AgCl elec-

. b . h trodes denoted big(+) andE(-) are inserted from the rear side into ttis
ration of at most 2Qum between nanopores. Figure 8 s OWS andtrans chambers, then connected to an Axopatch 200B amplifier.

a typical trace of the electrolytic current across the mem-

brane where, initially, the total current is400 pA, indicat- then sandwiched between two Teflon blocks, each having a

ing the presence of three open nanopores. With all thre_\e/ertical chamber(diameter=3.8 mm and height=7.0 mm

channels open, the rate of capture and/or translocation i3 4~ 5 o 1im hole on the sidewall. These holes. when prop-
relatively high (31.8 events/s When one of the pores is ' ' ’

, erly aligned, provide access to the 401 aperture from both
temporarily clogged, the current drops+®290 pA, and the o (i and trans chambers. The chambers have rear-side
rate of capture/translocation through the two remaining operl5OrtS (not shown for inserting the electrode&. The cis

pores drops t0~19.7/s. Similarly, when two of the nanop- champer is also provided with a glass window for viewing
ores are plogged, the current dropsﬂbQO pA and the event (through a microscopethe 40um aperture while applying
rate declines t0v10.3/s.. These daf[a |nd|cat§ that, for eachine lipid bilayer.(The procedure for applying the lipid mem-
nanopore, the electrolytic current 130 pA in the open-  prane is similar to that described earlie@nce a stable bi-
channel state ane30 pA in the clogged state. The observed |ayer had formed, we created a reverse nanopore by adding
capture and/or translocation rate ratio of nearly 3:2:1 cony,.HL to thetranschamber, then removed the excess proteins
firms that the three ion channels operate independently qfy perfusion with fresh buffer. The forward nanopores were
one another on drifting DNA molecules. We have observedjmilarly constituted by addingr-HL to the cis chamber,
the same behavior repeatedly: the event rate increased aftgjliowed by perfusion.
reversing the applied voltage to clear the clogged chasnel After forming two forward and one reverse nanopores,
only to drop again with the next clogging. we added 5A5C;03" SSDNA to thecis chamber and moni-

In another multiple nanopore experiment, we constitutedored the electrolytic currentbandwidth=10 kHx while a
two forward nanopores as well as one reverse nanopore iVoItage pulse sequence was applied to the electrodes
the lipid membrane, then translocated DNA strands from the- 120 mV from t=0 to 257us, followed by V=-120 mV
cis to thetrans chamber and back again to thies chamber.  from t=257 to 850us). Out of hundreds of traces that con-
This experiment requires the addition afHL proteins to  tain forward translocations, Fig. 10 displays five traces that
the trans chamber(to facilitate reverse nanopore formatjpn have at least one reverse translocation event. At
followed by perfusion removal of the excessHL. The  +120 mV, the open state of the channels is seen to be inter-
presence of the long, narrow Teflon tube in the system of Figiupted by several brief closures, i.e., translocation events.
2, however, makes it difficult to run the above protocol, since(Also, every once in a while, one of the two forward chan-
a sufficient number of-HL molecules cannot easily diffuse nels gets cloggeflThis behavior is similar to what was de-
through the tubéfrom thetrans chamber to the lipid mem- scribed previously. What is intriguing is that several translo-
brang and also because, during perfusion, the exeest. cation events are observed even when the applied voltage is
cannot be readily removed from the vicinity of the reversed(V=-120 m\). Note that the number of ssDNA
membrane. molecules initially introduced into theis chamber is of the

To overcome the above problems, we built the type oforder of 134 After only a few hundredis to trans translo-
chamber shown in Fig. 9. In this device a 3Q@-thick  cations, we began to detect reverse translocation events.
Teflon sheet was perforated with a 4da-diameter aperture, These are likely associated with those DNA molecules that,
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] +120 mvV Access to data is another issue that requires extensive
3004 research. Our preliminary calculations show that a
1 1-Mbyte-long macromolecule, enclosed in a
200+ 200-nm-diameter spherical shéperhaps a liposomecan
100: move electrophoretically across a 1.0%cahip in ~1.0 ms
2 under a 10-V potential difference. Whether such molecules
g 04 could be written and packaged on demand, within an inte-
__100; grated microchip, at high speed, and on a large scale, are
| questions to which only future research can provide satisfac-
-200 4 tory answers. Stability of the molecules over extended peri-
1 120 mv ods of time should obviously be a matter of concern. The
-300+ M lipid membrane and the proteinaceous ion channel, both be-
01 02 03 04 05 06 07 08 ing of organic origin, are ill suited for practical data storage
Time (ms) systems; they must eventually be replaced with robust, solid-

state equivalentt’
FIG. 10. Current traces obtained when two forwée to trans) and one The proposed method overcomes the limitations of

backward(trans to cis) nanopores are constituted in the lipid membrane of g . .
the system of Fig. 9, then single-stranded DNA molecules are introduce&resent day data storage teChHOIOgy by creating a parad|gm,

into the cis chamber. The current was recorded when the voltage sequenddlUS side stepping the known obstacles to future growth in
V=+120 mV, 0<t=<0.27 msV=-120 mV, 0.2%&t<0.85 ms was applied ~ storage technology. One is no longer hampered by the super-
to the electrodes. The buffer concentration was 1-M KCI, and the amplifierparar.nagnetiC limit. the finite Wavelength of Iight the two-

bandwidth was 10 kHz. Whe¥i=+120 mV, the open state of the channels . . | t f f di d other limit
is interrupted by several brief translocation events lasting a total of 1.35 mglmensmna nature or suriace recording, and other limita-

(in five overlapping traces When the voltage is switched to -120 mv, a tions of this kind. Our proposed approach also enables the
few reverse translocations are obser(iedive overlapping tracggluring a creation of concepts and devices that have wide-ranging ap-
2.9-ms interval. plications beyond the field of data storage. For example,
rapid analysis of trace amounts of biological macromol-
having been forward translocated, stay in the vicinity of theecules, drug discovery and testing using micro-DNA synthe-
lipid membrane, then return through the reverse nanoporsizer, machinery for single-chain molecular transport and
once the applied voltage is reversed. manipulation, etc. Despite all the difficulties, it is our hope
The observation of reverse translocation in this experithat this proposal will encourage debate in the pursuit of an
ment indicates that controlled transfer of individual mol- glternative path to conventional approaches to data storage.
ecules(e.g., from the parking lot to the read stationay be

feasible, since it is the electric-field gradient, rather than ran-
dom thermal drift, that is most likely responsible for the
turning aroundand return to theis chambey of our ssDNA ACKNOWLEDGMENTS
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