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N
anopore sensors are promising plat-
forms to realize highly sensitive,
single-molecule detectors for the

measurement of charged molecules.1�4

A nanopore is a nanometer-sized hole in a
thinmembrane, which can be nonbiological
such as silicon nitride (Figure 1A). Similar to
cellular membrane porins in which mole-
cules can translocate across the cell mem-
brane, single molecules can be driven
through a confined space one at a time
through solid-state nanopores.1�3,5 When
an ionic solution is introduced on either side
of a membrane containing a nanopore, ions
and charged molecules can be electrophor-
etically driven through the nanopore and
the ionic current measured and analyzed to
extract information about the molecule.
Distinction of molecules is made using both
residence time (dwell-time) within the nano-
pore and the current amplitude signature or

additional unique modulations (Figure 1B).
Information, such as excluded volume,2,6,7

charge,8�10 hydrophobicity6,11,12 and the
chiral differences between enantiomeric
amino acids, can be detected.6,12,13 Since
the sensing mechanism depends on the
ionic current change, there is no need to
label themolecule as in fluorescencemicros-
copy, and salt concentrations can mimic
those found under physiological conditions.
While much of the recent interest in

nanopores has focused onDNA sequencing,
the advantages of nanopore sensing extend
to other molecules, such as polymers and
proteins. Among the earliest molecules
sensed was polyethylene glycol (PEG),14�16

while sensing of protein molecules has been
done mostly using small-diameter (<2 nm)
protein nanopores (R-Hemolysin)14,17,18 in
bilayer membranes. Protein nanopores have
obtained excellent results in the separation
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ABSTRACT Protein analysis using solid-state nanopores is

challenging due to limitations in bandwidth and signal-to-noise

ratio. Recent improvements of those two aspects have made feasible

the study of small peptides using solid-state nanopores, which have

an advantage over biological counterparts in tunability of the pore

diameter. Here, we report on the detection and characterization of

peptides as small as 33 amino acids. Silicon nitride nanopores with

thicknesses less than 10 nm are used to provide signal-to-noise (S/N)

levels up to S/N∼ 10 at 100 kHz. We demonstrate differentiation of

monomer and dimer forms of the GCN4-p1 leucine zipper, a coiled-coil structure well studied in molecular biology, and compare with the unstructured

33-residue monomer. GCN4-p1 is sequence segment associated with homodimerization of the transcription factor General Control Nonderepressible

4 (GCN4), which is involved in the control of amino acid synthesis in yeast. The differentiation between two oligomeric forms demonstrates the capabilities

of improved solid-state nanopore platforms to extract structural information involving short peptide structures.
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A
RTIC

LE



NIEDZWIECKI ET AL. VOL. 9 ’ NO. 9 ’ 8907–8915 ’ 2015

www.acsnano.org

8908

of small analytes. For example, Robertson et al. were
able to separate poly(ethylene glycol) molecules differ-
ing less than 200 Da in molecular weight by using
analysis of both blockade depth and mean residence
times.19 Additionally, protein nanopores have been
used to study conformational changes in analyte

proteins. Induced unfolding has been achieved by
using several different mechanisms. Oukhaled et al.

changed the unfolded state of the Maltose binding
protein (MBP) by using different concentrations of
chemical denaturant and observed changes in fre-
quency and dwell-time of nanopore interaction events
as a function of unfolding state.20 Merstorf et al. used
different concentrations of denaturants on the MBP
and also a destabilized MBP mutant to observe
changes in the unfolding transition of the wild type
and the destabilized variant.21 Similarly, Payet et al.
used MBP mutants to observe the unfolding state by
using elevated temperature.22 Rodriguez-Larrea et al.

used a DNA tethered protein to observe multistep
unfolding of the thioredoxin using the electrical field
of the nanopore.23 While Pastoriza-Gallego et al. also
used a tethered DNA�ligand chimera and with chemi-
cal denaturants to probe the unfolded state of theMBP
mutant.24

One limitation of using protein nanopores is that
their diameters are smaller than the size of many
protein molecules in folded and functional forms. It is
somewhat difficult to tailor the size of the pore, and the
pore proteins must be correctly expressed, folded and
positioned inmembranes. Solid-state nanopores, how-
ever, have dimensions that can be readily tailored with
close to subnanometer precision.25,26 To date, solid-
state nanopores have been used to detect pro-
teins,6,8,27�29 to detect the binding of proteins to
nucleic acids,3,7,25,30 to characterize size,7,25,31 and
to discriminate between large molecular weight pro-
teins.1,32 Previous nanopore studies have been able to
resolve differences in molecular weight on the order of
100 kDa,32 and herein, we have described how inor-
ganic nanopores can be used to distinguish oligomeri-
zation states of single protein that differ by less than
10 kDa. Solid-state nanopores have also been used to
probe unfolding mechanics and different confor-
mation states of proteins. Studies have used chemical
denaturants,25,33 and the electric field generated by
the nanopore,3,34 and temperature35 to induce struc-
tural changes the analytes studied. Detecting small
molecules with such pores has proven difficult due to
their short dwell times in the nanopore channel, which
is often too short for significant detection with com-
mercially available amplifiers.36 Recent advances in
both signal-to-noise and high bandwidth acquisition6

have opened this field for study.8,37

In this paper, we demonstrate detection of proteins
as small as 4 kDa, enabled by using a low noise
amplifier (25pARMS at 100 kHz)6,12 combined with thin
(<10 nm thick, 4�8 nm diameter) silicon nitride nano-
pores to maximize the signal levels by minimizing the
nanopore thickness. We also demonstrate that silicon-
based nanopores coupled with a recently developed,
high performance amplifier6,12 can be used to discrimi-
nate between the dimer and the denatured monomer

Figure 1. Nanopore setup and events. (A) TEM image of a
typical thinned region of silicon nitride. The profile repre-
sents the intensity of a dark field (DF) TEM scan along the
axis shown as a yellow rectangle. (B) Schematic of the
nanopore setup. Nanopores are made in thin (<10 nm),
freestanding silicon nitride suspended on 5 μm thick silicon
oxide substrate. The positively charged GCN4-p1 protein is
added to the cis (grounded) side of themembrane. Negative
voltage is applied on the trans electrode, such that the
positively charged GCN4-p1 molecules are driven through
thenanopore. (C) Currentfluctuations in the formof upward
spikes are observed when GCN4-p1 enters into the nano-
pore interior. These spikes can be characterized by their
current amplitude (ΔI) and dwell-time (Δτ). (D) Schematic of
the X-ray crystal structure of the GCN4-p1 segment used in
this work. GCN4-p1 forms a polyleucine zipper with two
GCN4-p1 segments forming a dimer. With addition of 3 M
GdHCl, this structure denatures into monomers. (E) Amino
acid sequence of the GCN4-p1 segment. Positively charged
amino acids are shown in blue and labeled with a “þ” sign.
Negatively charged amino acids are shown in pink and
labeled with a “-“ sign. Hydrophilic residues are shown with
boxes extending to the left and hydrophobic residues are
shown with boxes extending to the right.

A
RTIC

LE



NIEDZWIECKI ET AL. VOL. 9 ’ NO. 9 ’ 8907–8915 ’ 2015

www.acsnano.org

8909

protein forms. Measurements were performed using
GCN4-p1, a 33-amino acid polypeptide sequence from
the General Control Nonderepressible 4 (GCN4) pro-
tein complex with hydrophobic repeats that forms a
dimeric coiled-coil structure.14 This protein system is
biologically relevant because it is representative of
the R-helical dimer (coiled coil) structure, a common
structural motif found in transcription factors and
intracellular receptors. The net charge of GCN4-p1
dimer is positive at neutral pH14,17 and its structure is
illustrated in Figure 1D. Because of its small size, the
peptide dimer used here is also a useful model system
to demonstrate a highly sensitive (both spatially and
temporally) nanopore platform that is sensitive en-
ough to analyze different structural features of small
proteins. Specifically, we report a heterogeneous con-
formational structure of the protein within the nano-
pore, evidenced by awidespread in theprotein-induced
ionic current blockade amplitudes under normal salt
conditions. Nonlinear voltage scaling of these current
amplitude blockades was observed, with higher volt-
ages producing a current blockade smaller than ex-
pected based on linear scaling. These observations
indicate that the electric field in the nanopore interior
partially denatures the GCN4-p1, splitting some dimers
into monomer components. This is consistent with
previous work demonstrating the partial denaturation
of proteins under the influence of the electric field in a
nanopore interior.25 Additionally, by denaturing the
dimer using guanidine hydrochloride (GdHCl) or ele-
vated temperature, we show that the folded and
denatured states exhibit distinct ionic current ampli-
tude distributions. These observations illustrate the
capabilities of new solid-state nanopore platforms to
discriminate between the monomer and dimer forms
of small proteins.

RESULTS AND DISCUSSION

In solution phase studies, the highly coiled dimer
structure of GCN4-p1was confirmed by circular dichro-
ism (CD) spectra at room temperature at peptide
concentrations of both 10 and 50 μM in 1 M NaCl
and a 10 mM potassium phosphate buffer, pH 7.0. In
solutions containing 3 M GdHCl, the CD spectra are
consistent with the absence of helical secondary struc-
ture, consistent with a denatured monomer. Tempera-
ture dependent measurements were performed over
the range of 21�95 �C, and indicate that GCN4-p1
denatures from the highly helical structure to an
unstructured monomer at an estimated transition
temperature of 54 �C
Nanopores with diameters between 4 and 8 nm

were formed in silicon nitride membranes with thick-
nesses between 5 and 10 nm (Figure 1A) by a focused
electron beam in a JEOL 2010F Transmission Electron
Microscope (TEM). Translocation experiments were
performed with solutions of 1 M NaCl and 50 mM

potassium phosphate at pH 7.0, on both sides of the
chamber (Figure 1B). The same solution conditions
were used to confirm the secondary structure of the
peptide GCN4-p1 using CD spectra as mentioned
above. Open nanopore conductance ranged between
8 and 24 nS under these conditions. Only nanopores
exhibiting stable (less than400pARMSnoise at 100 kHz)
single-channel current signatures at voltages up to
500 mV were used. Twelve nanopores with less than
400 pA RMS at 100 kHz and that showed minimal
expansion with time were selected out of a total of
59 nanopores tested GCN4-p1 was added to the cis

(grounded, Figure 1B) side of the chamber at concen-
trations of 6, 10, or 35 μM. At positive applied voltages,
no blockade in the single-channel current was ob-
served for each concentration of the GCN4-p1, while
at negative voltage polarity, multiple current block-
ade events were observed at each concentration.
These observations are expected given a net positive
charge of the GCN4-p1 dimer (þ4e) under the given
salt and pH conditions (Figure 1E).
Voltages of �100 to �500 mV, in increments of

�100 mV, were applied across the nanopore. Current
was measured with a VC100 [Chimera Instruments,
New York, NY] high-bandwidth, low-noise voltage-
clamp amplifier and digitally filtered with a fourth-
order Bessel low-pass filter at 100 kHz. This amplifier
was previously used in DNA and protein translocation
measurements.6,8 Event blockades were characterized
by the event duration (dwell-time, τd) and event
amplitude (ΔI). Event amplitudes are expected to scale
linearly with both applied voltage and the excluded
volume of the measured molecule.3,7,25 A rough esti-
mate can be given by the formula,

ΔI=V=
πX

6FL2
(1)

where V is the applied potential, X is the excluded
volumeof themolecule, F is the ionic solution resistivity,
and L is the effective pore thickness.7,25,31 This above
model does not take into account the adsorption of
screening counterions to the GCN4-p1 molecule,
which has been shown to be important to blockade
depth in both DNA38 and polymers.39 A full account of
the absorption of counterions to GCN4-p1 would likely
require a full molecular dynamics treatment that was
beyond the scale of our work here.
Figure 2A shows a scatter plot of ΔI/V vs τd at the

given voltages. According to eq 1, ΔI/V should remain
constant if the excluded volume of the protein remains
the same under applied voltages. However, different
distributions were observed for ΔI/V under different
applied voltages. ΔI/V shows a clustering of lower
amplitude current blockades (<1 nA/V) and, addition-
ally, a range of larger amplitudeΔI/V (up to 5 nA/V) that
showupat theupper left corner of the scatterplot. These
larger amplitude ΔI/V events are more prominent for
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lower applied voltages (100 mV), than for higher
applied voltages (>300 mV).
A possible explanation for the absence of larger

amplitude ΔI/V events at higher voltages is a voltage-
induced denaturation of the GCN4-p1 dimer into
its monomer peptides. This is likely due to the het-
erogeneous charge structure of the GCN4-p1 amino

acid sequence (Figure 1D). Solid-state nanopore in-
duced protein denaturation has been studied else-
where,3,25,40,41 and could explain the shift away from
larger amplitude (ΔI) events at high voltages. In parti-
cular, dimers have a larger excluded volume within the
pore than monomers. Therefore, by eq 1, dimers will
give a larger current blockade than monomers.

Figure 2. Representative GCN4-p1 induced current blockade events in 1 M NaCl, 50 mM potassium phosphate, pH 7.0.
Nanopore was 7 nm in diameter and <10 nm thick. GCN4-p1 concentration was 6 μM. (A) Scatterplot of current blockade events
with blockade amplitude normalized to the open pore current. Applied voltages were �100 mV (purple), �200 mV (blue),
�300mV (green),�400mV (orange), and�500mV (red). Note that lower amplitudeevent amplitudesoverlap, showingexpected
voltage scaling, whereas events induced at lower voltages are over-represented for the larger (ΔI/V) events. (B) Representative
traces for 1 M NaCl, 50 mM potassium phosphate at voltages of �100, �200, �300, �400, and �500 mV. Event amplitude
histograms are shown aligned next to the current traces. Note the large tail of higher-amplitude events seen below�200mV that
become less prominent as voltage increases. (C) GCN4-p1 induced current blockade events in 1 M NaCl, 50 mM potassium
phosphatewith 3MGdHCl added to the cis side of the chamber (samepore). Scatterplot of current blockade eventswithblockade
amplitude normalized to the open pore current. Applied voltages were �100 mV (purple), �200 mV (blue), �300 mV (green),
�400 mV (orange), and �500 mV (red). Note that (ΔI/V) event amplitudes overlap, showing expected voltage scaling.
(D) Representative traces with 3 M GdHCl added to the cis side of the chamber at voltages of �100, �200, �300, �400, and
�500mV.Event amplitudehistogramsare shownalignednext to thecurrent traces. Event amplitudehistogramsshowamaximum
amplitudepeak that scaleswith increased voltage and, at higher voltages, a shallowamplitudeblockadepeakwith a largenumber
of events. This second shallow peak is hidden within the baseline current noise for voltages with magnitude less than�300 mV.
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We caution that more sophisticated simulations would
be required to confirm this hypothesis.
Experiments using a solution containing 3 M guani-

dine hydrochloride (GdHCl), 1 M NaCl, and 50 mM
potassium phosphate at pH 7.0 were performed imme-
diately after measurements on GCN4-p1. GCN4-p1 con-
centrations were matched to be the same as those in the
absence of GdHCl (6, 10, or 35 μM). The bulk conductivity
of 3 M GdHCl containing solution was higher than that
containing 1 M NaCl alone by a factor of 3.4 ( 0.5 (no
GdHCL/GdHCl). Solution in the trans chamber remainedat
1 M NaCl. The measured conductance across the nano-
pore increased by 1.4 ( 0.2 times with a switch to 3 M
GdHCl, 1 M NaCl, and 50 mM potassium phosphate at
pH 7.0 in the cis chamber. This is in agreement with a
half�half solution mixing within the interior of the nano-
pore of the solutions from both sides. Previous studies
showed similar trends in nanopore conductance with
asymmetric solutions.2,42 Control experiments measuring
the CD spectra of GCN4-p1 indicate that the protein is
denatured (no helical secondary structure) in 3 M GdHCl.

Figure 2B shows a scatter plot of ΔI/V for GCN4-p1
with 3 M GdHCl added. The scatter ofΔI/V overlaps for
the applied voltages, suggesting that the excluded
volume of the denatured monomer GCN4-p1 remains
constant under the different applied voltages.
The different events scaling with applied voltage is

shown in Figure 2C,which shows representative events
for GCN4-p1without GdHCl, and Figure 2D, which shows
representative events for GCN4-p1 with 3 M GdHCl
added.
To compare event amplitudes (ΔI) before and after

addition of 3MGdHCl, we normalized to the open pore
current (I), which provided a normalized ratio ofΔI/I. To
control for possible nanopore expansionwith time, the
open pore current (I) in GdHCl experiments was fixed
to the value I = 1.4Iinitial, where Iinitial was the baseline
current in the non-GdHCl containing solution. This
corresponds to the initial conductivity increase mea-
sured with the first introduction of GdHCl. This pro-
cedure avoids underestimation of the ratio ΔI/I that
can arise from pore enlargement, which increases the

Figure 3. Comparison of current blockade amplitude (ΔI) histograms for GCN4-p1 events in the same 7 nm diameter
nanopore both with and without 3 M GdHCl on the cis side of the chamber. Solution was 1 M NaCl, 50 mM potassium
phosphate, pH 7.0. (A) Normalized current blockade amplitudes (ΔI/I) without GdHCl. The count has been normalized so that
each voltage has the same number of events. Lower magnitude voltages display events with much larger ΔI/I than higher
magnitude voltages. (B) Normalized current blockade amplitudes (ΔI/I) with 3 M GdHCl, 1 M NaCl, 50 mM potassium
phosphate in the cis chamber. The count has been normalized so that each voltage has the same number of events. (ΔI/I)
peaks overlap for the measured voltages. (C) Direct comparison of normalized current amplitude blockades (ΔI/I) for
nanopores with and without GdHCl solution. Voltage of �100 mV shows a clear separation of current blockade amplitudes,
with GdHCl-free solution having larger normalized current amplitude events. At�200mV, a tail of large amplitude events still
exists for GdHCl solution.
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current I. Figure 3A shows normalizedΔI/I for GCN4-p1
without GdHCl and Figure 3B shows normalizedΔI/I for
GCN4 with 3 M GdHCl added.
We posit that the excluded volume for a monomer

denatured by voltage should be comparable to the
excluded volume for a monomer denatured by GdHCl.
The amplitude of ΔI will be proportional to the
excluded volume of a monomer. Therefore, if voltage
has denatured the GCN4 into a monomer, the ΔI/I
should look the same with and without GdHCl.
Figure 3C shows a comparison of the distributions of
ΔI/I for different applied voltages both with and with-
out GdHCl added to solution. The distributions of ΔI/I
in the presence and absence of GdHCl are similar
at high voltages (>400 mV) but differ at low voltages
(100mV). Therefore,we infer that highvoltages (>400mV)
lead to denaturation of the GCN4-p1 into a monomer,
and at low voltages (100 mV), the dimeric form is
maintained. In future experiments it may be possible
to distinguish between dimer, trimer, and tetramer
forming variants of the GCN4 Leucine Zipper and other
peptide oligomers or to quantify the relative popula-
tions of the dimer and monomer forms of small
proteins such as GCN4-p1.

GCN4-p1 at Higher Temperatures. To further compare
the dimer to denatured monomers of GCN4-p1, tem-
perature dependent measurements were performed.
The GCN4-p1 denatures from a dimer to an unstruc-
tured monomer at high temperature, consistent with

measured CD spectra, where the transition tempera-
ture (estimated here as the maximum in the slope of
the molar ellipticity at 222 nm as a function of the
temperature) of GCN4-p1 in 1MNaCl wasmeasured to
be Tm = 54 �C.

Figure 4A shows measurements of 35 μM GCN4-p1
added to a system containing a 4 nm diameter pore
between the two chambers. Events are interspersed
between 0 nA and the baseline current (�1.6 nA), with
many long-lived, half-amplitude (�0.9 nA) events. We
interpret that the more complex distribution of events
(Figure 4A) at the lower temperature is due to the
increased entropic barrier created by the smaller
pore, which is near the same linear dimension as the
GCN4-p1 dimers.2,43�45 At the higher temperature
(and higher voltages), GCN4-p1 is largely monomeric
and unstructured, facilitating the translocation of the
peptide.2,7,43 (Figure 4A). Note that no current blockades
were observed to reach 0 nA at the higher temperature
(45 �C).

Long-lived “adsorption” current blockades that did
not revert to the original baseline current, presumably
due to clogging of the pore (Figure 4B), were observed
while raising the temperature during these experi-
ments. We interpret these blockades as a temperature-
based unfolding of the GCN4-p1 dimer into its mono-
mer form.9,10,22,25,44,46 Temperature-based unfolding
will expose hydrophobic leucines. Similar hydrophobic
exposure has been shown to drive adsorption of protein

Figure 4. GCN4-p1 translocation events at raised temperatures. (A) GCN4-p1 induced eventsmeasuredwith a 4 nmdiameter
nanopore. Note the appearance of long-lived (>5 ms) half-amplitude events at room temperature. Larger scale events cause
current blockades to near 0 nA. After the temperature of solutionwas increased to 45 �C, events transitioned to shorter dwell-
times and the largest amplitude events no longer dropped to 0 nA. Solution was 1 M NaCl, 50 mM potassium phosphate
buffer, pH 7.0. Applied voltage was �200 mV. (B) An example of a clogging event in a 6 nm diameter nanopore at 52 �C.
(C) Comparison of normalized current blockade amplitude histograms. The first shows the difference in normalized current
blockadeswith andwithout 3MGdHCl at an applied voltage of�200mV. Data set takenwith a 7 nmdiameter nanopore. The
second shows the difference in normalized current blockades at room temperature and at 50 �C. Dark red is the overlap of the
two histograms. Data set taken with a 6 nm diameter nanopore.
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molecules onto silicon�nitride membranes.11,47,48

Analysis of events at high temperature was compli-
cated by the high rate of adsorption events, which
limited the amount of data taken before irreversible
pore fouling. The comparison of normalized low tem-
perature (22 �C) events to events at 50 �C is given in
Figure 4C. Interestingly, the larger tail in the distribu-
tion of events for ΔI/I > 0.6 disappears at the higher
temperature, suggesting that dimers are no longer in
solution.

CONCLUSIONS

In summary, we demonstrate detection of small
peptides with lengths as short as 33 amino acids and
molecular weights as low as 4 kDawith sub-10 nm thick
solid-state nanopores and a low-noise amplifier. Trans-
location measurements of GCN4-p1 peptide leucine
zipper molecules showed that ionic current amplitude
scales nonlinearly with voltage, suggesting a voltage-
induced unfolding of the GCN4-p1 leucine zipper into
its monomer components. At lower voltages, events
having large-amplitudes of ΔI/V were more prevalent
and we assign these to the dimer form of GCN4-p1.
We attribute smaller amplitude (ΔI/V < 2 nA/V) events
to the GCN4-p1 monomer domain and note that these
events scaled linearly with applied voltage. The main
evidence for the dimer is the presence of events at
large ΔI/V. Both chemically induced denaturation
using 3 M GdHCl and also temperature-induced dena-
turation were used as controls. For GdHCl-denatured

monomeric GCN4-p1, themajor amplitude distribution
peak in ΔI/V scaled linearly with applied voltage.
We were able to distinguish the dimers andmonomers
by comparing normalized current blockade histo-
grams of GCN4-p1 with and without GdHCl in solution.
Temperature denaturation of the GCN4-p1 peptide
induced long-lived adsorption events onto the nano-
pore interior, which we attribute to the exposure of the
hydrophobic interior leucines. Extraction of non-
adsorption data (events with dwell-times less than
500 ms) at high temperature showed event peaks that
were smaller in normalized blockade amplitude than
the large-scale dimer-events at room temperature.
We attribute this change in amplitudes to the dif-
ference in oligomerization state at the different tem-
peratures; events at high temperatures result from
translocating monomers, which are the predominant
form of the protein due to thermal (and voltage) dena-
turation. At higher temperature, denaturation occurs at
lower voltages due to the reduction of the energetic
penalty to unravel the dimer via voltage.
Finally, we show how voltage-induced denaturation

of peptides presents a challenge for stochastic sensing
of proteins using nanopores: application of lower
voltages reduces the probability of protein denatura-
tion, but it also decreases signal-to-noise ratio. Future
experiments should therefore make use of recent
developments in lower noise nanopore chips to at-
tempt detection of proteins at lower voltages with
sufficiently high signal-to-noise ratios.13,49

METHODS
Nanopore Fabrication. Nanopores were formed in ultrathin,

freestanding films of low-stress silicon nitride (SiNx) using a
2010F JEOL Transmission Electron Microscope (TEM), as de-
scribed previously.6,15 The SiNx was grown by Low Pressure
Chemical Vapor Deposition (LPCVD) on 5 μm of silicon oxide
(SiO2) on a standard p-doped siliconwafer. The 5� 5mm2 chips
of silicon were patterned using standard optical lithography
and the center of the chip was back etched using 40% potas-
sium hydroxide (KOH) to create a 20 � 20 μm2 freestanding
window of SiO2 and SiNx. SiO2 was removed by a buffered oxide
etch (BOE) to leave a 50 nm thick freestanding SiNx membrane.
Further thinning of the membrane was performed by first
patterning smaller areas (100 � 100 nm2) using electron beam
lithography and then etching them using CHF3 plasma.2,49

Nanopore diameters were measured using bright-field TEM
(Figure 1A). The thickness measurements were assessed by
using mass contrast made from dark-field TEM, as shown in
Figure 1A.6,26

Peptide Synthesis. The peptide GCN4-p1 was synthesized
(100 μmol scale) by solid phase peptide synthesis, using 9-fluor-
enylmethoxycarbonyl (FMOC) chemistry, on a Liberty1 Auto-
mated Microwave Peptide Synthesizer (CEM, Matthews, NC).
Additional information is given in the Supporting Information.

Purification. Peptides were purified >95% using high-
performance liquid chromatography (HPLC). A binary gradient
between (A) 0.1% trifluoroacetic acid (TFA) in water and (B) 90%
acetonitrile, 9.9%water, and 0.1% TFAwas used. Peptide GCN4-
p1 was purified using a Vydac C18 column 30 � 250 cm, 300 Å
pore size, 10 mm particle size (Grace, Columbia, MD). Elution
was carried out using a two-step gradient: step 1, 20% B to

35% B over 5 min; step 2, 35% B to 55% B over 20 min. A flow-
rate of 42 mL/min was used for both steps. The mass of the
purified peptide was confirmed by MALDI-MS using a Bruker
Ultraflex III MALDI-TOF/TOF (Bruker Daltonics, Billerica, MA).
A mass of 4036.112 m/z was observed (expected, 4037.673
avg., 4035.194 monoisotopic).

CD Spectroscopy. CD spectroscopy was performed on peptide
GCN4-p1 using an AVIV Model 410 Circular Dichroism Spectro-
photometer (AVIV Biomedical, Lakewood, NJ). The concentra-
tions of the peptide stock solution 50 μMwas determined using
UV absorbance at 280 nm, (ε = 1330), and diluted to the
appropriate concentration in buffer. Wavelength scans were
run at 21 �C, starting from 260 to�200 nmwith a 1 nm step size
and 15 s averaging time. Temperature dependent measure-
ments, monitoring 222 nm (15 s averaging time), were per-
formed from 4 to 96 �C with a 1 min equilibration time between
temperature steps and a 5 min wait time prior to the reverse
scans. The wavelength scans with 3 M GdHCl were performed
using the identical conditions at 25 �C.

Nanopore Measurements. The nanopore chip was cleaned in a
heated piranha solution followed by thorough rinsing with
distilled H2O, and was then placed in a fluoropolymer cell using
a quick-cure silicon elastomer.12,27�29

After it was sealed into the cell, a solution of 1 M NaCl and
50 mM potassium phosphate at pH 7.0 was introduced onto
both sides of the nanopore chip and Ag/AgCl electrodes were
placed in contact with the solution. We define the cis side of the
chamber as the side in contact with the reference (grounded)
electrode and the trans side as the side in contact with the
voltage-bearing electrode.

Current measurements were made by applying a voltage
bias across the nanopore and measuring the resulting current
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by using a VC100 high-bandwidth, low-noise voltage-clamp
amplifier (Chimera Instruments, New York, NY). The amplifier is
capable of high bandwidth acquisition: it includes a fourth-
order Bessel low-pass filter at 1 MHz, and signals are digitized at
4�6 MS/s. Experiments proceeded only if the nanopore exhib-
ited a stable baseline ionic current and conductance that was in
agreement with that expected from the equation

I ¼ V([μNaþ þ μCl� ]nNaCle)
4heff
πd2

þ1
d

� ��1

(2)

where I is the open-state current of the nanopore and V is the
applied transmembrane voltage.30,50 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
thickness of the nanopore, and its diameter, respectively, and
nNaCl is the number density for Na and Cl. Nanopores deviating
from the expected conductance by more than 30% were not
used.

Nanopore thickness was estimated from the ratio of the
dark-field intensity in a TEM image between the thinned and
unthinned potion of the membrane. The estimate of 10 nmwas
made by observing the intensity ratio between these regions
was 1/5, and the starting nitride thickness was 50 nm.7,12

A concentrated solution of GCN4-p1 was added to the cis
(grounded) side of the chamber andmixed by pipetting up and
down several times. Final solution concentrations were 6, 10, or
35 μM. A negative voltage bias was applied, which resulted in
GCN4-p1 induced events and current vs time measurements
were taken. Controls were checked at positive bias to ensure no
event signals were present.

Comparison experiments were made with 3 M GdHCl, 1 M
NaCl, and 50 mM potassium phosphate immediately after
completing measurements on the GCN4-p1 sample. For GdHCl
and GCN4-p1 measurements, an aliquot of the solution was
made by premixing outside of the chamber to the desired
concentration of either 6, 10, or 35 μM, and set for several
minutes to allow time for the protein to denature. The cis side of
the chamber was flushed with 1 M NaCl and 50 mM potassium
phosphate and then completely evacuated. TheGdHCl, GCN4-p1
solution was immediately added to the cis chamber. Conduc-
tance was checked to ensure proper levels (expected conduc-
tance increase was 1.4 times the 1 M NaCl baseline due to
increased conductivity of the GdHCl) and negative bias poten-
tials were applied as before.

Temperature control experiments were preformed after
measurement on the GCN4-p1 at room temperature. The
translocation measurement setup features a temperature regu-
lation system using a thermoelectric device connected to a
copper block that houses the cell. Temperature was measured
by direct immersion of the thermometer into the cis side
solution and the chamber was sealed with silicon elastomer
to prevent evaporation. The thermoelectric device was turned
off during current measurements to reduce system noise.

Data Acquisition and Analysis. Initial ionic current data was
acquired at 4�6 MS/s sampling with a fourth-order Bessel
low-pass filter at 1 MHz. The data was partitioned in 1.6-s
intervals using Matlab (MathWorks, Natick, MA). Postacquisition
analysis was performed using the open source nanopore
translocation analysis software PyPore (http://parkin.github.io/
pypore/) developed by Drndi�c lab. Data was digitally filtered to
(4-pole Bessel) 100 kHz and event traces were scanned for
upward translocation events. Events were registered via a
5-sigma search from the open current baseline level.

Due to high adsorption rates at high temperature, traces
were manually searched at 50 �C to extract only events within
nonclogged part of the current trace. During high temperature
(>40 �C)measurements, reversal of bias potential was often able
to dislodge clogged molecules and return the nanopore to its
preclog conductance. In that case, current measurements were
continued until the next clogging event occurred. All events
were collated later and exported to Mathematica 8.0 (Wolfram
Research, Inc., Champaign, IL) for analysis.

Methods of Correcting Amplitudes during Analysis. Due to the
increase in conductivity of the 3MGdHCl solutions, normalization

of current amplitude spikeswas needed to compare events. This
was achieved by multiplying the current event values in the
GdHCl samples by 1.4. This number represents the change in
conductance of the nanopore when GdHCl solution is intro-
duced on the cis side of the chamber (conductance increases).
This was done rather than just the ratio of the signal to open
pore current to eliminate any discrepancies that might be
introduced by pore enlargement with time. Measured conduc-
tance of 1 M NaCl vs 3 M GdHCl was 1.4 ( 0.2, in good
agreement with the expected change if there is 50% mixing
in the pore interior.
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