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ABSTRACT

Single molecule sensors in which nanoscale pores within biological or artificial membranes act as mechanical gating elements are very
promising devices for the rapid characterization and sequencing of nucleic acid molecules. The two terminal electrical measurements of
translocation of polymers through single ion channels and that of SSDNA molecules through protein channels have been demonstrated, and
have sparked tremendous interest in such single molecule sensors. The prevailing view regarding the nanopore sensors is that there exists
no electrical interaction between the nanopore and the translocating molecule, and that all nanopore sensors reported to-date, whether biological
or artificial, operate as a coulter-counter, i.e., the ionic current measured across the pore decreases (is mechanically blocked) when the DNA
molecule transverses through the pore. We have fabricated nanopore “channel” sensors with a silicon oxide inner surface, and our results
challenge the prevailing view of exclusive mechanical interaction during the translocation of dsDNA molecules through these channels. We
demonstrate that the ionic current can actually increase due to electrical gating of surface current in the channel due to the charge on the
DNA itself.

As a first step toward the ultimate goal of single-molecule The normal ionic current through the protein pore in a lipid
DNA sequencing using nanopore sensors, one must firstbilayer would detectably reduce as a polyanionic chain of
identify the key mechanical and electrical variables that sSDNA molecules traversed through the pore, even allowing
control the translocation of the molecules through the the distinction between polycytosine and polyadenine mol-
nanopores. First, a nanopore used for characterization ancecules, thus demonstrating the potential of single base
sequencing of a single molecule must have a diameter ofdiscrimination in these sensd¥s.
less than the persistence length50 nm for dsDNA) to Despite these advantages, robust integration of these
avoid any signal averaging from thermally induced confor- biological sensors within practical devices is quite problem-
mational changes. Second, the pores must be chemicallyatic, and a mechanical p8fé€ provides numerous advantages
stable and mechanically robust under a wide variety of over biological pores. Besides the obvious advantages of
conditions of use. Third, and finally, the mechanical and being able to drastically change ambient conditions such as
electrical interaction between the nanopores and the singlepH, electric field, and temperature without distorting the
molecules must be well characterized. Toward this end, thesystem, such a system can also allow the integration of
electrical detection of translocation of polymers through different types of electronic or optical sensdmsr function-
single ion channels has been demonstr&té&ubsequently,  alization of the inner surface of the pore, as demonstrated
the pioneering studies of the useacshemolysin protein pore  for protein channels for the detection of single chemical
within a lipid bilayer for the translocation of single strands molecules and analyté%.# In addition, the use of top-down
of DNA molecules using a voltage bias across the membranesfabricated nanopore sensors promises robust integrated
sparked tremendous interest in such single molecule séngors. nanofluidic devices for applications in single cell expression
analysis, highly sensitive chemical and biological detection,
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Figure 1. (a) Transmission electron microscope (TEM) image of the smallest diameter of the nanopore channel in the oxidized silicon
membrane, fabricated as described in the text. Due to the dimensions shown, the expected channel length is-&0ummd.§B) Drawn
cross-section of the oxidized silicon membrane. (c) Schematic of the apparatus that shows the entire chip within Teflon reservoirs ensuring
no fluid leaks across the chambers. The current was measured using Ag/AgCI electrodes. The diaphragpmmvas8®um.

exploration of single DNA molecule translocations and cross-section of the channel with the relevant dimensions at
conformational studies using artificial pores. The electronic the end of fabrication.

signature of dsDNA moving through these nanopores can Each nanopore channel, fabricated according to the process
be quite complex and the conformational changes in the gescribed above, was formed within a die that was 3 mim
molecule cannot be ignored, as shown recently by Li @t al. 3 jmm in size and about 0.5 mm thick. The die with the
One possibility to suppress signatures due to conformationalpanopore was sandwiched between two silicone rings and
changes is to increase the entropic energy barrier for pjaced in a finely milled pocket within Teflon blocks with
molecules to enter the nanopore by the use of “channels”ihe chambers and subsequently clamped, as shown in Figure
with nanoscale diametetSWe fabricated 5660 nmlong,  1¢ Ejectrophysiology measurements were performed using
4-5 nm diameter nanopore channels in micromachined o, Axon 2008 amplifier (Axon Instruments) in the resistive
SI!ICOI’] membraneé‘i_The nanopore channgls were fabricated feedback mode, and a CV201 head stage. To reduce the
with a process similar to_one described ealfﬁea_nd environmental noise, the nanopore and the head stage were
cqmmenced with double polished SO wafé?ﬂ'_hg buried placed inside a grounded Faraday cage. The amplifier signal
oxide and SOI layers were 400 and 190 nm thick, respec- was passed through a 300 Hz low-pass filter (CyberAmp

tively. A 100 nm thermal oxide was grown on the SOI. water. 320) and fed to a Digidata 1322A (Axon Instruments) board
An LPCVD nitride layer was deposited and etch windows .
on computer with PClamp 9.0 (Axon Instrument) software

(~670um x 670 um area) were formed on the backside. for data acauisition
The nitride and oxide were etched, and the handle layer of g '
the wafer was etched from the backside in TMAH at°@0 A 200 bp fragment from the human CRISP-3 gene

to stop on the buried oxide to form a diaphragm of around (&ccession number NM_006061) was PCR amplified (for-
80um by 80um area. The nitride was stripped off in boiling Ward primer, TCCTGCTGGTAATTGGGCTAA, reverse

phosphoric acid, and electron beam lithography was per- Primer, TGTCCCTGACCAACTGATGTTT) using cDNA

formed on the front to define 100 n 100 nm openings ~ from a prostate cancer specimen and purified by the PCR
with the diaphragm. Next, a short TMAH etch at 8D was purification kit (Qiagen, Valencia, CA).The measurements
performed to etch the SOI, in an inverted pyramid shape, Were carried out in 0.1 M KCI, 2mM Tris (pH 8.5) buffer.
down to the buried oxide. When the buried oxide is removed, To prevent isolation of the nanopore by air bubbles,
a pore of less than 100 nm in diameter is formed. A 1000 A 2-propanol was applied to the exposed surface of the
thick thermal oxide was then grown to shrink the pore to nanopore prior to applying the buffer. After some time,
less than 50 nm. Finally, the pore was examined and purified DNA at a final concentration of 0.8g/mL was
processed in a transmission electron micrograph and shrunkapplied to one chamber (side 1) and the current measure-
to the desired nanometer dimension utilizing direct observa- ments from that chamber to the other chamber (side 2) were
tion. Figure 1a shows the final TEM of the small dimension made. Ag/AgCI electrodes were inserted in the fluid reser-
of a nanopore channel, while Figure 1b shows the expectedvoirs and used to make the measurements.
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= ~3500 negative charges (5:610 ¢ C) in the inner surface
+% of the channef® These charges create a screening layer of
\ mobile K* ions concentrated close to the surface which can
M{: I :}M take part in current flow under an electric field applied
foe = -;E parallel to the length of the pore (same effect as electroos-
les 2 2 mosis). During steady-state conditions without DNA, we
:E © E: expect three current components, as shown in Figure 2. There
s = oLl will be bulk K* and CI currents,lpu(K™) and lpux(Cl7),
e sl and an interfacial layer K current, li(K™). It should be
___________ I pointed out that even though the distinction between bulk
DO O OCI XXX XXX XX and interface current is not clear due to the nanoscale

diameter of the channel, we chose to make these distinctions
for purposes of discussion and explanation of the results.
We measured steady-state ionic currents in the range of
Figure 2. Schematic of the expected nanopore channel depicting 55—70 pA through the nanopore channel with 200 mV in a
potassium ions accumulated close to the negatively charged oxide0.1 M KCI solution?? We applied 200 bp dsDNA to side 1
surface, before the DNA is passed through. and as the dsDNA passed through the pore, it modified the
bulk, and the interface currents resulting in typical current
pulses are shown in Figure 3. However, unexpectedly and
in contrast to previous reports, we find the signal current to
increase rather than decrease during the translocation of
dsDNA through the nanopore. The average pulse height and
pulse width for 40 pulses is about 11.4 pA and 4 ms,
respectively, as shown in Figure 4b and c. It can be pointed
out that the DNA can affect the current in two ways: (i) by
changing the cross-sectional area and (ii) by changing the
carrier concentration. Hence, we attribute the surprising
increase in current to the following mechanism (also shown
in Figure 5a,b). As the dsDNA molecule enters the channel,
the bulk currentdpu(K™) and lpu(CIl™) will decrease due
to the physical blocking by the DNA molecule, as usually
expected. With given channel radius of 2.2 nm and dsDNA
fadius of 1.1 nm, we expect the blocking to reduce the current
by ~25% (from 75 pA to 56 pA oAlpu(K1) + Alpuk(CI7)
~ —19 pA). However, since the DNA backbone is negatively
The electrical response of such nanopores in the absenceharged, its translocation will also induce additionat K
of DNA translocation depends on geometry and electrical atoms within the channel, and therefore the interface current,
charge distribution within the pore itself. It is well known lin(K™), will actually increase. It should be noted that the
that the oxide surface of the nanopore channel would becomeconcentration of positively charged potassium ions inside or
strongly negatively charged around pH 7 due to deprotona-in close proximity to the channel is much higher than the
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Figure 3. Translocation of the 200 bp dsDNA molecule. Typical
pulses measured for the translocation of the short DNA through
the nanopore channel are shown. The inset shows the one pulse i
more detail.

tion of the silanol (SiOH) group®. The negative surface
charge density due to these Si@roups can be up to {45)
x 10* charges/c'® This translates to a maximum of

bulk solution. Assuming that all interface charge is neutral-
ized, the concentration of potassium ions is equivalent to 76
M! This is clearly not realistic, and any of the following
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Figure 4. The histograms of raw data for (a) pulse height, and (b) width for 40 pulses; average and standard deviations, excluding four

outliers, are also shown.
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Figure 5. Schematic of the DNA molecule threading through the pore. (a) Qualitative explanation of the pulse shape. With the DNA, the
baseline current consists of three components as shown and explained in the text. (b) Once the DNA enters the pore, the bulk ionic current
decreases due to mechanical blocking, while the interfacial current through the mobile layer increases. Since the molecule is about the same
length as the channel, as soon as the current reaches a maximum, the molecule will begin to leave the pore and the current should decrease,
as experimentally measured. The blocking current, in this case, will overlap with the increase in the interfacial current. As the molecule
completely exits the pore, the blocking current recovers and the interfacial current decreases. The interface potassium current is expected
to increase when the DNA is threading through the nanopore channel and reaches a maximum when the pore is fully occupied by the DNA.

scenarios are possible: (i) not all the negative surface chargego increase and then decrease as the DNA leaves the pore,
are neutralized locally, and the counterions are not inside as shown in the measured results. We can use simple
the channel but rather are present at the edges of the channekxpressions to estimate the peak current induced due to the
or (ii) the negative fixed charge density is less than the K* ions in the accumulated channel as

maximum value assumed. The point to note is that as the

DNA enters the pore, the higher potassium ion concentration AL (K" = Angy . (b-VIL)

will tend to reduce the net charge on the DNA, more than

in the bulk solution region. The excess positive charge, thus,where, A is the cross-sectional area of the channel minus
contributes to an increase in the interfacial current (the the cross-sectional area of the DNA\s the induced charge
channel can provide a novel device for temporally varying density,q is the electron chargeu is the mobility of the

the ionization of the DNA molecule). The role of the DNA potassium ionV/L is the electric field across the channel,
molecule in this case is analogous to the gate of a field effectand b is a parameter between 0.67 and 1. This parameter
transistor that causes the interfacial layer channel charge toaccounts for the fact that the applied voltage at the electrodes
increase, resulting in an increased current flow due to the does not all appear across the nanopore channel, rather a
voltage applied across the pore. Since the DNA molecule is certain fraction of the applied voltage does. Initial continuum
around the same length as the channel, the current is expectedimulations of our structures show that roughly two-thirds
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of the voltage applied at the electrodes appears across the
nanopore channel and hence we will use 0.67bfam the
calculations. The induced charge densityan be calculated

by dividing the number of additional charges by the volume
of the nanopore channel minus the volume taken by the
dsDNA molecule. The induced charge is maximum at about
130e (assuming e/3 for each phosphate'famting that this

can change inside the nanopore channel due to the presenc
of the high K" ion concentration, as discussed earlier) when
the dsDNA is fully inside the channel, thas~ 2.28 x 10?°
#/cm? (assuming 50 nm long channel with radius of 2.2 nm).
We can use//L = 200 mV/50 nm= 4 x 10* V/cm andA

= n(R? — R5ya), WhereR is the radius of the nanopore
channel of 2.2 nm, an&pna is the radius of the dsDNA
assumed to be 1.1 nm. The value of mobility of potassium
ions in aqueous KCI solution was used as %520 cn?/V
s2resulting in a calculated current value & (K™) ~ 84

PA. Therefore, the net current is84 pA — 19 pA ~ 65 Figure 6. PCR products from the buffer in the two chambers. Lane

pA. Given the approximate nature of the calculation and the 1 displays the expected band from the buffer in the chamber where
fact that we used low field mobility values, which do not DNA was applied (side 1). Lane 2 is the PCR product from the

reflect the reduction in mobility at high fields (could be buffer in the other chamber (side 1). The right-most lane is the
reduced by 34x), the calculated currefftis in the same 100 bp DNA ladder.

order of the measured values as shown in Figure 2a.

Therefore, our results indicate that, in addition to the surface charge, similar to a field effect transistor. Clearly,
mechanical gating, which has thus far been assumed to bewhile more detailed experimental work and modeling needs
the only source of current fluctuation in nanopore sensors, to be performed, including use of longer molecules and
the electrical gating of dsDNA could play a major role in improvements in device design such as controlling the
determining the electrical pulse shape in the channel current,interface oxide charge by biasing of the silicon layer, the

if a negatively charged oxide surface is used as the insidedemonstration of electrical gating effect would allow one to
surface of the nanopore channel. use these nanopore membranes as the third electrode capable

It should also be noted that the velocity of the 200 bp Of characterizing multiple threads of dsDNA simultaneously.
DNA in our pores 50 nm/3ms= 1.6 x 1075 m/s) is much The electrical signal from this device for the passage of short
slower than the velocity of DNA reported in8i; pore$?® dsDNA molecules with mismatches could exhibit a differ-
(~1.25 x 102 m/s for 3000 bp dsDNA at 120 mV) and ence when compared to the signal from matched strands,
about the same as the-hemolysin poré (~for 200 bp providing a label-free means to detect DNA hybridization.
ssDNA, at 2°C). Our pore is longer and is expected to have The silicon layer can possibly be used as the third electrode
significant interaction with the DNA due to the electrostatic to measure changes in potential during the passage of DNA
forces between the positive mobile charges and the negativethrough the nanopore channel.

DNA backbone charge, and due to the hydrodynamic drag
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