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N
anopore-based detection has prov-
en to be a successful method for
probing a variety of molecules of

biological interest, such as DNA, RNA, and
proteins.1�8 Of particular appeal is this tech-
nique's ability to probe these molecules
without the need for chemical modification
or labeling, to do so at physiological condi-
tions, and to examine single molecules at
a time; this allows the possibility for results
to come to light that would otherwise be
masked in bulkmeasurements. Recent work
in the field has exploited these properties in
order to probe dynamic bimolecular inter-
actions in real time.9�21 In addition to these
studies, an emerging interest in adapting
DNA and RNA aptamers for use with nano-
pores has arisen.7,22�28

Herein, we exploit the nanopore-probe
technique to examine the single-molecule
detection of the nucleocapsid protein
(NCp7),29�31 a biomarker of the human
immunodeficiency virus 1 (HIV-1). Single

solid-state nanopores were created in a
silicon nitride membrane using electron-
beam ablation (Figure 1).32 NCp7 is a 55
residue domain of the gag and gag-pol
polyproteins in HIV-1 (Figure 2A). It plays
an important role in the selection of viral
genomic RNA for packaging during the HIV-1
infection cycle. NCp7 contains two zinc
knuckles that bind specifically to the ex-
posed guanosines of RNA stem-loops in
the packaging domain of genomic RNA at
physiological salt concentrations.33�35 In
this work, the detection scheme was based
upon the specific interactions of NCp7 with
three 20 nucleotide RNA aptamers of vary-
ing binding affinity, which were derived
from the stem-loop 3 (SL3, also known
as Ψ) from the packaging domain of the
retroviral RNA (Figure 2B�D).36 Thus, SL3 is
a naturally occurring aptamer that binds
NCp7 with high affinity (Figure 2E). The
results obtained from the nanopore mea-
surements were compared to those derived
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ABSTRACT One primary goal in nanobiotechnology is designing new methodologies for molecular biomedical

diagnosis at stages much earlier than currently possible and without use of expensive reagents and sophisticated

equipment. In this work, we show the proof of principle for single-molecule detection of the nucleocapsid protein

7 (NCp7), a protein biomarker of the HIV-1 virus, using synthetic nanopores and the resistive-pulse technique. The

biosensing mechanism relied upon specific interactions between NCp7 and aptamers of stem-loop 3 (SL3) in the

packaging domain of the retroviral RNA genome. One critical step of this study was the choice of the optimal size of

the nanopores for accurate, label-free determinations of the dissociation constant of the NCp7 protein�SL3 RNA

aptamer complex. Therefore, we systematically investigated the NCp7 protein�SL3 RNA aptamer complex employing

two categories of nanopores in a silicon nitride membrane: (i) small, whose internal diameter was smaller than 6 nm,

and (ii) large, whose internal diameter was in the range of 7 to 15 nm. Here, we demonstrate that only the use of nanopores with an internal diameter that

is smaller than or comparable with the largest cross-sectional size of the NCp7�SL3 aptamer complex enables accurate measurement of the dissociation

constant between the two interacting partners. Notably, this determination can be accomplished without the need for prior nanopore functionalization.

Moreover, using small solid-state nanopores, we demonstrate the ability to detect drug candidates that inhibit the binding interactions between NCp7 and

SL3 RNA by using a test case of N-ethylmaleimide.

KEYWORDS: nanobiotechnology . biosensors . single-molecule detection . single-channel electrical recordings . chemical kinetics .
protein�RNA interactions

A
RTIC

LE



NIEDZWIECKI ET AL. VOL. 7 ’ NO. 4 ’ 3341–3350 ’ 2013

www.acsnano.org

3342

previously from a well-established titration technique
based on quenching the fluorescence of Trp37 in
NCp7 by loop bases of bound SL3.37�40 In addition,
N-ethylmaleimide (NEM), which is known to inhibit the
binding interactions of NCp7 to DNA and SL3 RNA,41

was added to the solution to test whether inhibition of
the binding could be monitored in real time. Beyond
the potential medical interest of this system, aptamers
represent a highly versatile class of biosensing compo-
nents since they can be targeted to a wide variety
of analytes.42�44 Aptamers are chemically stable and
easily produced single-stranded nucleic acid molecules,
representing a promising alternative to traditional
antibody-based approaches used in molecular biomed-
ical diagnosis and other biotechnological applica-
tions.45 By using modern screening techniques, they
allow for the design of high specificity to numerous
substrates, including peptides and proteins. Therefore,
the methodology established in this paper is applic-
able to a wide range of systems.
In this work, the binding affinities of NCp7 with SL3

and two related RNA aptamers were extensively stud-
ied using two types of nanopores: (i) small nanopores,
whose internal diameter was smaller than 6 nm, with a
thickness of the silicon nitride membrane less than
15 nm, and (ii) large nanopores, whose internal diam-
eter was in the range of 7 to 15 nm, with a thickness
greater than 20 nm. The translocation of the aptamers
through small nanopores in ultrathin membranes was
examined in detail. We present the titration experi-
ments by adding increasing concentrations of NCp7
to the solution. The events observed when the apta-
mers were added to large nanopores in thicker mem-
branes are also shown. Next, the events attributed to
complexes of the SL3 RNA aptamers with the NCp7
protein are described. Finally, we employed a single

small-diameter nanopore andN-ethylmaleimide (NEM)
to perform real-time sampling of the inhibition of spe-
cific interactions between NCp7 and the high-affinity
SL3 RNA aptamer. The ability of our system to detect
the efficacy of NEM without labeling suggests that
nanopores may be used to study drug inhibitors of
binding protein�aptamer interactions.

RESULTS AND DISCUSSION

Small Nanopores. Nanopores with diameters less
than 6 nm were formed in thin nitride membranes
(∼8�15 nm thick). Experiments were performed with
200 mM NaCl on the cis side of the chamber and 1 M
NaCl on the trans side. The buffer on both sides was

Figure 2. Primary sequence of the HIV-1 NCp7 protein
and three variants of the SL3 RNA aptamers. (A) Diagram
displays the amino acid residues of the Zn2:NCp7(1�55)
protein. Positively charged amino acids are underlined. (B)
Diagram indicates the nucleotide sequence of the high-
affinity SL3 (GAG) aptamer. (C) Low-affinity SL3 (CUG)
aptamer. (D) No-affinity SL3 (AUA) aptamer. (E) Three-
dimensional structure of the NCp7 protein bound to the
SL3 stem-loop recognition element of the genomic Ψ RNA
packaging signal, as determined by heteronuclear mag-
netic resonance spectroscopy (adapted from PDB 1A1T).33

The scale bar indicates the approximate dimension of the
complex, with the largest cross-sectional dimension of
approximately 5.5 nm.

Figure 1. TEM images of nanopores. (A) Bright-field TEM
image of a thinned silicon nitride region with a small nano-
pore. (B) High-angle annular dark-field scanning TEM (HAADF-
STEM) image of a thinned nitride region. (C) TEM bright-field
image of a ∼4 nm diameter nanopore in a silicon nitride
membrane. (D) TEM bright-field image of a∼10 nm diameter
nanopore in a siliconnitridemembrane. All imageswere taken
using a Technia F-20 S/TEM instrument.
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5mMNaH2PO4, at pH 7.0. The cis solutionmatched the
salt and pH conditions used in previously published
fluorescence-based titration experiments.35 The higher
molarity of NaCl salt on the trans side was advanta-
geously employed for both the drastic improvement in
the signal-to-noise ratio of the acquired data as well as
the substantial increase in the capture rate of the RNA
aptamer.46 Conductance values for small nanopores
under these conditions ranged from 4.5 to 13.3 nS
(n = 41). Small nanopores used in these experiments
exhibited stable single-channel current signatures at
voltages up to 400 mV. At positive applied voltages,
NCp7 did not alter the single-channel current signature
of small nanopores (Supporting Information, Figure S1),
confirming its net positive charge. However, at nega-
tive voltages, it caused rapid fouling of the nanopore
(Supporting Information, Figure S2) owing to protein
adsorption on the inorganic surface of silicon nitride.32

In contrast, SL3 RNA aptamers did not change the
single-channel electrical signature of small nanopores

at negative voltages (Supporting Information, Figure
S3), confirming their net negative charge. However,
when the applied voltage was positive, the SL3 RNA
aptamers produced distinguishable current blockades.
Figure 3A shows a typical signature of the single-
channel electrical trace after the addition of 500 nM
SL3 (GAG) aptamer at a positive transmembrane po-
tential of þ200 mV.

The frequency of the current blockades produced
by SL3 RNA aptamers can be determined by τon histo-
grams, which can be fit to a single exponential using a
log likelihood ratio test protocol (Figure 3B).47 Thus, the
inverse of τon gives the event frequency.

48 Addition of
NCp7 did not alter the dwell time or amplitude of the
current blockades (Supporting Information, Figure S4).
Instead, it changed their event frequency, as measured
by a τon histogram. Figure 3C shows a representative
single-channel electrical trace demonstrating the dras-
tic reduction in the event frequency of current block-
ades when 500 nMNCp7 is added to 500 nM SL3 (GAG)

Figure 3. Sampling SL3 RNAaptamer�NCp7 interactions using a small nanopore. (A) Representative single-channel electrical
trace demonstrating SL3 RNA aptamer-produced current blockades. The chamber contained 500 nM high-affinity SL3 (GAG)
aptamer. The internal diameter of the nanoporewas smaller than 6 nm,whereas the thickness of the silicon nitridemembrane
was smaller than 10 nm. (B) Histogram showing the change in interevent time when 500 nM NCp7 was added to 500 nM SL3
(GAG) aptamer. A fitting of the histogram for 500 nM SL3 (GAG) alone (green) gives an interevent time of τon = 149( 15 ms,
while the fitting of the same data after addition of 500 nM NCp7 protein (blue) shows an increased interevent time of τon =
1030( 60ms. (C) Trace showing a drastic reduction of event frequency corresponding to the above histograms. The applied
voltage was þ200 mV. The buffer solution was 200 mM NaCl, 5 mM NaH2PO4, pH 7.0 on the cis side and 1 M NaCl, 5 mM
NaH2PO4, pH 7.0 on the trans side.
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aptamer. This reduction suggests that titration experi-
ments can be performed using these small nano-
pores.26 Voltage dependence tests of the dwell time
of the SL3 RNA aptamer-produced current blockades
displayed a biphasic signature, featuring a peak of the
dwell time of the SL3 (GAG) aptamer between 200 and
250mV (Supporting Information, Figure S5). This sort of
biphasic signature of the dwell time has also been
observed in the past with other charged polymers,
such as polypeptides interacting with protein nano-
pores.48�50 Experiments with SL3 (GAG) (number of
distinct experiments was n = 5), SL3 (CUG) (n = 3), and
SL3 (AUA) (n = 3) were performed such that the SL3
RNA concentration was fixed at 500 nM and the NCp7
concentration progressively increased from 0 to 125,
250, 375, 500, 750, 1000, and finally 1250 nM.

Titration Curves Using Small Nanopores. The binding
affinities of NCp7 to each of the three SL3 RNA
aptamers may be calculated using a titration curve.26

In previous fluorescence experiments,36,40 this was
achieved by assuming the fluorescence intensity to
be directly proportional to the free NCp7 concentra-
tion. For the small nanopores used in this study, a
titration may be analyzed by assuming that the fre-
quency of events is directly proportional to the con-
centration of free SL3 RNA aptamer. The curves may
then be fit using the equation35,36,40

f

f0
¼ f �(Pt � Rt þ Kd)þ [(Pt � RtþKd)

2 þ 4RtKd]1=2g
2Rt

þ 2f¥
f0

ð1Þ
where Pt and Rt are the total NCp7 protein and SL3 RNA
concentrations, respectively, f is the frequency of low-
amplitude current blockades, f0 and f¥ are the event
frequency at the initial time and at saturation with
NCp7, respectively, and Kd is the dissociation constant.
This equation assumes that Pt = Pf þ Pbound, Rt = Rf þ
Rbound, and Kd = (RfPf)/(RP). Here, Rf and Pf are the
concentrations of free SL3 RNA aptamer and NCp7
protein in aqueous phase, respectively. Rbound and
Pbound denote the concentrations of bound SL3 RNA
aptamer and NCp7 protein in aqueous phase, respec-
tively. RP is the concentration of the NCp7�SL3 apta-
mer complex in solution.

Here, we assume that all events observed with the
small nanopores are due to the SL3 RNA passing into
the nanopore and that the NCp7�SL3 complexes
are completely excluded, despite their net negative
charge, so that the events sample the concentration in
the chamber well. Two considerations justify this as-
sumption: (i) there is a lack of change observed in the
current amplitude or dwell time of the blockade events
after NCp7 is added to the cis chamber, and (ii) in
work with larger nanopores (see next section), there is
a significant alteration in the amplitude of current
blockades that is probably due to blockage by the
complex (Figure 4).

The Kd values determined by the small nanopores
may differ somewhat from values derived using the
fluorescence data because the protein's fluorescence is
quenched most efficiently when the NCp7 protein
binds to the loop of the SL3 RNA aptamer. In contrast,
additional reduction of current blockades may occur in
the nanopores due to nonspecific interactions of NCp7
with the SL3 stem bases in solution; there may also
be SL3 stems bound weakly to the substrate surface,
and those bound near a nanopore could bind NCp7
and reduce current flow. Surface-bound RNA could
also form complexes that reduce the solution concen-
trations of RNA and protein and the effective event
frequency. The effects of nonspecific binding of RNA
and RNA�protein complexes to the surface and of RNA
stembases to NCp7 are likely to be small at the 200mM
NaCl used here, as it has been shown that nonspecific
SL3�NCp7 interactions are largely suppressed atmono-
valent cation concentrations above 150 mM.35

Figure 5A shows the data obtained for all three SL3
RNA aptamers by using small nanopores. In this plot,
the event frequency ratio is the frequency of the SL3
RNA aptamer-produced current blockades after addi-
tion of NCp7 to the cis side normalized to the initial
event frequency (eq 1). The Kd values calculated by
fitting to the titration curves given in Figure 5A are
provided in Table 1. These Kd values show the same
trends as in the previously published fluorescence
data.36

Weobserved a somewhat greater binding affinity of
NCp7 to SL3 RNA (GAG) when using the nanopore-
probe technique as compared to the fluorescence
approach (Table 1). While this may reflect nonspecific
interactions discussed in the previous paragraph,
it is also difficult to accurately determine Kd values by
fluorescence when Kd < 20 nM or Kd > 300 nM, where
small measurement errors exert dramatic effects on
the derived Kd.

35 The same error considerations apply
to the nanopore data. Briefly, at Kd < 20 nM, there are
few measured data points that differ from a binding
isotherm that corresponds to Kdf 0 (affinityf¥), and
the results of the fitting algorithm are largely depen-
dent on the one or two points at the curved elbow of

TABLE 1. Dissociation Constant, Kd, of the NCp7 Protein�
SL3 RNA Aptamer Complexes (Values for Small and Large

Nanopore Data Were Determined Using Best-Fit Curves

to Titrations Shown in Figure 5)

SL3 RNA aptamer small nanopore large nanopore fluorescenceb

SL3 (GAG) 2 ( 4 nM 278 ( 166 nM 28 ( 2 nM
SL3 (CUG) 1960 ( 300 nM NDa 850 ( 250 nM
SL3 (AUA) NDa NDa 20000 nM

a ND stands for not determined data. For large nanopores, we were unable to fit the
low-affinity aptamer data to eq 2. The binding affinity of the SL3 (AUA) to NCp7,
which was obtained from fluorescence measurements, is rounded up to the nearest
significant digit. b Fluorescence values are from the literature.36
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the titration curves (e.g., the curve for SL3 (GAG) in
Figure 5A; a Kd f 0 titration would consist of two
straight lines intersecting at a 1:1 ratio of [NCp7]:[SL3]).
The experimental error for Kd > 300 nM is dominated
by uncertainty in the extrapolation to a saturating
concentration of NCp7 (e.g., the curve for SL3 (CUG)
in Figure 5A). For low-affinity complexes, it is not
practical to continue the titrations to very large
[NCp7] to determine the saturation limit, as such high
concentrations would favor stoichiometries where
more than one protein is bound per RNA.31,35,51

Recently, we derived the affinities of NCp7 to
24 nucleotide long DNA aptamers of varying affinity
using an engineered protein nanopore derived from
ferric hydroxamate uptake component A (FhuA) of
Escherichia coli.26 Since this engineered protein nano-
pore is cation selective, it wasmore convenient to use a
detection mechanism based upon the partitioning of
the positively charged NCp7 protein into the nanopore
lumen, which contrasts to the biosensing approach
presented in this work. Several other studies have used
smaller-sizednanopores for force spectroscopy.10,13,52,53

In that technique, the electric field produced in the
nanopore was used to directly dissociate molecules
from each other. The time to dissociation was mea-
sured and interpreted to derive affinity data. In these
experiments, we were not able to produce current
blockades with lifetimes long enough to perform such
an analysis. However, the force of the electric field at or
near the nanopore orifice could conceivably act upon
an NCp7�SL3 aptamer complex, catalyzing the disso-
ciation process. This may explain why the event fre-
quencies of the high-affinity aptamers, shown in
Figure 5A, do not go to zero at saturating concentra-
tions of NCp7. While there are differences in the Kd
values determined using fluorescence, the silicon ni-
tride nanopores, and the engineered FhuA nanopores,
the most significant result is that the overall trends are
similar.

Large Nanopores. Nanopores with diameters greater
than 10 nm enlarged significantly with time when
drilled into ultrathin silicon nitride membranes, whose
thickness was less than 10 nm. Therefore, thicker
silicon nitride membranes, ranging from 20 to 30 nm,
were used. A variety of nanopore diameters was
tested with data collected on nanopores with diam-
eters ranging from 7 to 15 nm, as measured by
bright-field TEM. We were not able to isolate systema-
tic trends based solely on the nanopore diameter due
to our use of different thicknesses of nitride in these
experiments. Experiments were performed with
200 mM NaCl on the cis side of the chamber and 1 M
NaCl on the trans side. The buffer on both sides was
5 mM NaH2PO4, at pH 7.0. Under these experimental
circumstances, large nanopores showed stable current
versus voltage profiles when only buffer solutionwas in
the chamber. The addition of NCp7 to the cis chamber

did not produce any alteration in the current signature
at a transmembrane potential ofþ200 mV. In contrast,
the addition of the SL3 RNA aptamers created very
short-lived current spikes of non-uniform, low ampli-
tude, many of which exhibited dwell times near the
rise time of the filter (Figure 4A).47 The addition of the
NCp7 protein changed both the dwell time and current
amplitude of the blockades (Figure 4B). As expected,
dwell time alterations were not reproducible in different-
size nanopores. Importantly, the proportion of current
blockades exhibiting a greater current amplitude in-
creased with increasing concentrations of NCp7, sug-
gesting that these events can be attributed to the
NCp7 protein�SL3 RNA aptamer complex. Experi-
ments with SL3 (GAG) (n = 3) were performed such
that the SL3 RNA aptamer concentration was fixed at
1000 nM and the NCp7 concentration progressively
increased from 0 to 250, 500, 750, 1000, 1500, 2000,
and finally 2500 nM. We also performed similar single-
channel electrical recordings using SL3 (CUG) (n = 3)
and SL3 (AUA) (n = 3) aptamers (Supporting Informa-
tion, Figure S6). One would expect a decrease in the

Figure 4. Representative single-channel electrical trace
showing the NCp7�SL3 RNA aptamer interactions using a
largenanopore. (A) Additionof 1μMNCp7protein increases
the frequency of large-amplitude current blockades ob-
served with a large-diameter (∼7 nm) nanopore in a thick
(∼30 nm) silicon nitride membrane when added to a solu-
tion containing 1 μM high-affinity SL3 (GAG) aptamer. (B)
Scatter plot of current amplitude versus dwell time showing
distinct event types. Low-amplitude current blockades are
attributed to the SL3 RNA aptamer alone. Large-amplitude
events are interpreted as current blockades produced by
the NCp7�SL3 RNA aptamer complex. Square events re-
presentmeasurements takenwith SL3 (GAG) solution in the
chamber, while circle events indicate data taken with both
SL3 (GAG) and NCp7 added to the chamber. The applied
transmembrane potential was þ200 mV. The buffer solu-
tion contained 200 mM NaCl, 5 mM NaH2PO4, pH 7.0 on the
cis side and 1 M NaCl, 5 mM NaH2PO4, pH 7.0 on the trans
side.
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frequency of low-amplitude, SL3 RNA aptamer-
induced current blockades to be close to that observed
with the small nanopores; however, this was not the
case. The event frequency decreased, yet not in the
same manner as that recorded with small-diameter
nanopores and not reproducibly for each large nano-
pore (Supporting Information, Figure S7). Therefore, we
speculate that some of the low-amplitude current
blockades recorded with large nanopores are due to
“bumping” events of the larger NCp7�SL3 RNA com-
plex that cannot be separated by the current amplitude
alone. Alternatively, there could be NCp7�SL3 RNA
complexes that have small-amplitude blockades due
to short residence time and attenuation by the filter.

Titration Curves Using Large Nanopores. While smaller
nanopores offer a straightforward method of binding
affinity analysis, results with larger nanopores aremore
complicated to interpret. In large nanopores, events
due to both the SL3 RNA and the NCp7�SL3 RNA
aptamer complex are observed. In a previous study by
Wanunu and co-workers,18 the binding of various
aminoglycosides to an A-site RNA have been detected
and discriminated by differences in current amplitude.
In that study, an affinity curve was constructed, en-
abling the determination of reasonable binding affinity
values matching bulk measurements. The major as-
sumption was that the proportion of a drug molecule:
A-site RNA complex and an A-site RNA entered the
nanopore at the same rate, which is reasonable given
their similar size. In contrast, using such an analysis in
this work did not return reasonable values (Supporting
Information, Figure S6), leading us to reject such an
assumption for further data analysis. A likely explanation
is that the hydrodynamic radius of the NCp7�SL3 RNA
complex is greater than that of the SL3 RNA aptamer
alone, leading todifferent diffusiondynamics in solution
and therefore a distinction in the capture rate between
the two partitioning molecules. Major determinants of
the difference in the capture rates between the SL3
RNA aptamer and the NCp7�SL3 RNA complex include
different nature of the energetic barriers54,55 for the
translocation of the aptamer and aptamer�target com-
plex as well as a possible electro-osmotic effect.56,57

An alternative method for calculating the Kd values
with large nanopores is to measure the increase and
saturation in large-amplitude current blockades with
progressively higher concentrations of NCp7. Assum-
ing 1:1 binding, the concentration of the NCp7�SL3
aptamer complex in solution can be expressed as

[Complex]
[Complex]max

¼ xþ (1þ C) � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 2(C � 1)xþ (C2 þ 2Cþ 1)

p

xmax þ (1þ C) � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2max þ 2(C � 1)xmax þ (C2 þ 2Cþ 1)

p
ð2Þ

where [Complex] is the concentration of the NCp7�SL3
complex in solution and [Complex]max is the maximum

concentration of the complex observed after saturation
with NCp7. Here, x denotes the added concentration of
NCp7 divided by the added concentration of the SL3
RNA aptamer; xmax indicates the highest added concen-
tration of NCp7 divided by the added concentration of
the SL3 RNA aptamer. C is the dissociation constant (Kd)
divided by the added concentration of the SL3 RNA
aptamer. Equation 2 was derived by the relation Kd =
(RfPf)/(RP), as in eq 1, with the assumption that the
concentration of the NCp7�SL3 aptamer complex is
directly proportional to the frequency of the large-
amplitude current blockades. Figure 5B shows a plot of
the ratio of the frequency of the large-amplitude
current blockades to the frequency of large-amplitude
events at the maximum used NCp7-to-SL3 (GAG) ratio.
Fitting using eq 2 for C and multiplying by the con-
centration of SL3 (GAG) gives the value for Kd of

Figure 5. Titration curves of the SL3 RNA variants interact-
ing with NCp7. (A) Titration curves derived with small
nanopores using a concentration of 500 nM for different
SL3 RNA aptamer variants. The event frequency ratio is the
frequency of the SL3 RNA aptamer-produced current block-
ades after addition of NCp7 to the chamber normalized to the
initial event frequency. (B) Curve derived from large nanopores
usingaconcentrationof1000nMforSL3RNA(GAG).Curvesare
fit as described in the text. Kd values for the 1:1 complexes are
derived from best fittings and are given in Table 1.

TABLE 2. Normalized Capture Frequency of the SL3 (GAG)

Aptamer-Produced Current Blockades in the Presence of

NCp7 and NEMa

concentration ratio SL3(GAG):NCp7:NEM normalized capture frequency

1:0:0 1
1:1:0 0.19 ( 0.10
1:2:0 0.03 ( 0.10
1:2:12 0.85 ( 0.20

a Event frequency of current blockades produced by the SL3 (GAG) aptamer was
measured before and after addition of NCp7 and then NEM. The capture frequency
was normalized to the value determined using solution that contained only the SL3
(GAG) aptamer. The initial concentration of the SL3 (GAG) aptamer was 5 μM. Error
bars represent standard deviations for three separate single-channel experiments.
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278 ( 166 nM (Table 1). We were not able to obtain
satisfactory fits to this equation for data acquired with
the low-binding affinity SL3 RNA variants.

N-Ethylmaleimide Addition to Small Nanopores. Given that
the binding affinities determined using small nano-
pores are in reasonable accord with those obtained by
fluorescence data, the possibility of probing a drug
candidate against NCp7 becomes feasible. NEM reacts
covalently with the cysteine residues in the zinc fingers
of NCp7, unfolding the fingers and preventing the
protein from making specific interactions with the
SL3 RNA.58,59 We added a 6-fold molar excess of NEM
to the test solution after suppressing events by the

addition of the NCp7 protein to the SL3 (GAG) aptamer
at an applied transmembrane potential of þ400 mV.
This experiment was repeated three times on the same
nanopore of ∼6 nm diameter. Addition of the NEM
rapidly brought the event frequency to near its original
value (Table 2), demonstrating that NEM suppresses
the formation of the NCp7�SL3 complex (Figure 6).

CONCLUDING REMARKS

In summary, our studies have established that solid-
state nanopores can be used to perform real-time
measurements of the affinity of a small protein with
short RNA aptamers, even when the overall charge of
the protein analyte�aptamer complex is negative. The
results obtained with small nanopores are a satisfac-
tory match to the binding affinity values obtained in
previously published fluorescence studies,36 suggest-
ing that affinity can be monitored with nanopores,
whose internal diameter is comparable or smaller than
the largest cross-sectional diameter of the binding
protein�RNA aptamer complex. This confirms that
sensitive quantification of disease biomarkers, such
as the HIV-1 nucleocapsid protein, can be accomplished
using stable nanopores. The methodology can be ex-
panded to other protein�RNA ligand complexes60 for a
rapid, label-free determination of the dissociation con-
stants with no further requirement for functionalization
of the silicon nitride surface. Additionally, the demon-
stration of the inhibition of binding by NEM suggests
that nanopores could be used for screening potential
drug targets, especially as massively parallel nanopore
devices become available.61�63

EXPERIMENTAL SECTION
Fabrication of Solid-State Nanopores. First, 40 nm thick mem-

branes of free-standing low-stress silicon nitride were created
using standard photolithography techniques. Next, a 50 μm
square section of nitride was thinned to either ∼10 or ∼20 nm
using a FEI Strata 400 STEM focused ion beam (Figure 1A,B).
Nanopores were then created directly using a FEI Tecnai F20
S/TEM in a STEM mode, as described previously.32 Nanopore
diameter was measured in bright-field TEMmode (Figure 1C,D).
Nanopores were wetted using isopropyl alcohol and flushed
with deionized water before being loaded into a custom-built
Teflon chamber. The silicon-supporting chip was coated with a
fast curing silicon elastomer (Kwik-Cast, World Precision Instru-
ments, Sarasota, FL) to reduce the current noise.64 Large
nanopores were treated for 10 min in piranha solution (a 3:1
ratio mixture of H2SO4/H2O2) before the isopropyl alcohol wash.
Initial bath solution was 1 M NaCl, 5 mM NaH2PO4, pH 7.0 on
both sides of the chamber. Current measurements were per-
formed using Ag/AgCl electrodes connected to an Axon 200B
amplifier (Axon Instruments, Foster City, CA) and filtered at
10 kHz with an 8-pole, low-pass Bessel filter, model 900 (Frequency
Devices, Ottawa, IL) before being digitized by an Axon 1400A
digitizer (Axon). Only nanopores displaying low 1/f noise and
stable current signatures were used in these experiments.65 In
general, we found that the noise depends on two parameters:
nanopore thickness and nanopore diameter. For thick nano-
pores, current noise was more pronounced. In thinner nano-
pores, less noise was detected.66 As was discussed by Smeets

and co-workers,65 it is thought that “wetting” of nanopores is
closely related to the current noise, and large-diameter nano-
pores are generally easier to “wet” than small-diameter nano-
pores. A broad range of both nanopore diameter and thickness
was used in these experiments. Thin nanopores, with a thick-
ness smaller than 10 nm, had an excellent success rate and
almost always displayed low current noise, while large-
diameter, thicker nanopores have a success rate closer to 70%
after piranha treatment.

Current versus voltage curves were constructed to confirm
that nanopores matched the expected size according to the
formula:66

I ¼ V([μNaþ þ μCl� ]nNaCle)
4heff
πd2

þ 1
d2

� ��1

ð3Þ

where I is the open-state current of the nanopore and V is the
applied transmembrane voltage. Here, μNaþ and μCl� are the
electrophoretic mobilites of the Naþ ions and Cl� ions, respec-
tively; e, heff, and d denote the elementary charge, the effective
length of the nanopore, and its diameter, respectively, and nNaCl
is the number density of NaCl. Following confirmation of size,
solution on the cis (grounded) side of the chamberwas changed
to 200mMNaCl, 5mMNaH2PO4, pH 7.0. All analyteswere added
to the cis side of the chamber.

Preparation of NCp7 and SL3 RNA Aptamers. The NCp7 protein
(Figure 2A) was expressed, purified, and had its concentration
measured as described previously.40 The high-affinity SL3 (GAG)

Figure 6. Effect of N-ethylmaleimide on formation of the
NCp7�SL3 RNA complex. Event frequency modulation
caused by the addition of 5 μM high-affinity SL3 (GAG)
aptamer, with 10 μM NCp7, causing reduction in the event
frequency. Introduction of 60 μM N-ethylmaleimide returns
the event frequency to near its pre-NCp7 level. The applied
transmembrane potential wasþ400 mV. The buffer solution
contained 200 mM NaCl, 5 mM NaH2PO4, pH 7.0 on the cis
side and 1MNaCl, 5 mMNaH2PO4, pH 7.0 on the trans side.
The nanopore was ∼6 nm in diameter in a 15 nm thick
nitride.
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aptamer (Figure 2B) used in this study is a mimic of the
sequence that occurs in the packaging domain of genomic
RNA, while the low-affinity SL3 (CUG) (Figure 2C) and no-affinity
SL3 (AUA) (Figure 2D) aptamers represent mimics lacking one
and both exposed guanosine(s), respectively, reducing the
binding affinity of the NCp7�aptamer complex.36 The RNA
stem-loops used in this study were purchased from IDT
(Integrated DNA Technologies, Coralville, IA). SL3 RNA aptamer
samples were dissolved in Milli-Q purified water (EMD Millipore
Corporation, Billerica, MA). Prior to use in RNA experiments,
samples were heated briefly to 90 �C then cooled on ice for
15 min to form hairpins.

Given the highly specific interactions between NCp7 and
SL3 genomic RNA region and that SL3 packing is highly con-
served in different mutations of HIV, the zinc knuckles have
become an attractive target for drugs seeking to treat HIV.39,67

NEM is an alkylating agent that covalently reacts with cysteine
thiols; this causes irreversible ejection of zinc and the inability of
the protein to adopt a biologically active conformation.58,59

In this work, its ability to inactivate the binding mechanism of
NCp7 to SL3 allowed it to be used as a test molecule for
assessing whether nanopores can perform real-time detec-
tion of drug candidates. At pH 7.0, NCp7 has a formal positive
charge of þ9e and the SL3 aptamers have a charge of �19e
each. The complex will therefore have a net charge of �10e.35

The solution structure of NCp7 bound to the SL3 RNA (GAG)
aptamer33 was used to show that the volume is approximately 4
times that of the RNA aptamer alone, with the SL3 RNA aptamer
approximated by a cylinder with a diameter of ∼2 nm and a
length of ∼3 nm (Figure 2E). It is difficult to obtain an accurate
volume for the NCp7 protein alone. For example, in the
NCp7�SL3 RNA complex, NCp7 is rather compact, while the
unbound form is largely a random coil except for the two zinc
fingers. The largest cross-sectional size of the NCp7�SL3 com-
plex is ∼5.5 nm.
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