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N
anopores are very promising in the
field of macromolecule manipula-
tion at the single-molecule level.1�5

One of the most common potential applica-
tions is ultrafast DNA or RNA sequencing.6

For the past few years, it has also been
possible to use protein or solid-state nano-
pores as protein conformation sensors. We
propose possible applications using nano-
pores with electric detection (the sequen-
cing of proteins, assisted protein folding) to
detect mutation and misfolding. All these
applications could be performed subject to
precise control of the pore size, which must
be smaller than the protein, and also the
driving force to control the transport velocity.
Protein trafficking through channels

plays an important role in many biological
processes.7 An excellent technique prob-
ing the dynamics of protein conducting
channels8 at the single-molecule level is the
bilayer lipidmembrane technique used in the
context of protein transport for mitochondrial
pores9,10 and translocon machinery.11 The
translocon, an active transmembrane pro-
tein channel,12 allows protein translocation
in a cell assisted by a peripheral attached
protein motor powered by ATP hydrolysis.
The translocation is associated with either
protein synthesis (co-translation) or after pro-
tein synthesis (post-translation). After trans-
port, proteins need to be correctly folded to
be functional. In order to understand this
mechanism, it is easier to perform protein
transport experiments through protein
channels or solid-state nanopores by sub-
stituting the ATP energy by an electric force.
An applied electric field drives a macromo-
lecule into the nanopore, inducing transient
blockades of electrical current and a mea-
surable decrease in conductance.3,13 The
current blockade duration and rate depend

on the size and conformation of the pass-
ing macromolecule, the diameter and the
length of the protein pore or solid-state nano-
pore, and the interaction between the mol-
ecule and the pore walls.
Up to now, various studies have been car-

ried out using protein channels. It is possible
to probe protein unfolding transitions with a
denaturing agent,1,14 with thermal denatura-
tion,15 or using an electric field16 and protein
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ABSTRACT

We report experimentally the transport of an unfolded protein through a narrow solid-state

nanopore of 3 nm diameter as a function of applied voltage. The random coil polypeptide chain

is larger than the nanopore. The event frequency dependency of current blockades from 200 to

750 mV follows a van't Hoff�Arrhenius law due to the confinement of the unfolded chain. The

protein is an extended conformation inside the pore at high voltage. We observe that the

protein dwell time decreases exponentially at medium voltage and is inversely proportional to

voltage for higher values. This is consistent with the translocation mechanism where the

protein is confined in the pore, creating an entropic barrier, followed by electrophoretic

transport. We compare these results to our previous work with a larger pore of 20 nm

diameter. Our data suggest that electro-osmotic flow and protein adsorption on the narrowest

nanopore wall are minimized. We discuss the experimental data obtained as compared with

recent theory for the polyelectrolyte translocation process. This theory reproduces clearly the

experimental crossover between the entropic barrier regime with medium voltage and the

electrophoretic regime with higher voltage.

KEYWORDS: solid-state nanopore . transmission electron microscope . protein
translocation . protein unfolding . Fokker�Planck model

A
RTIC

LE



CRESSIOT ET AL . VOL. 6 ’ NO. 7 ’ 6236–6243 ’ 2012

www.acsnano.org

6237

folding with cationic ions.16,17 The structures of peptides
were also investigated through protein nanopores.18�20

Interactionsbetweenproteinsandchannels21 andrecently
the transport dynamics through toxin channels22,23 or
through a mitochondrial channel24 have been investi-
gated. Nevertheless, these pores are sensitive to high
denaturing agent concentrations,23,25,26 and their lifetime
is short (a few hours) due to the fragility of the lipid
membrane. Solid-state nanopores have the advantage of
being insensitive to these high concentrations of denatur-
ing agent with a longer lifetime (several days) and to high
electric driving forces. On the other hand, it remains
difficult to create solid-state nanopores with high repro-
ducibility in terms of shape. Furthermore, the transport
dynamics are not easily controlled due to the protein�
nanopore interactions27 and/or electro-osmotic flow.28

Solid-state nanopores have been used as an electrical
detector of native or partially unfolded proteins.29�34 A
demonstration of BSA protein translocation through a
solid-state nanopore has already been performed by
chemiluminescent analysis.35 Solid-state nanopores have
also been used for the study of anomalous transport in
the caseof protein�protein interactions,32,36,37 protein�
nanopore wall interactions,27 and the effect of electro-
osmosis on the dynamics of protein transport.28 Re-
cently, solid-state nanopores have been coated with a
fluid lipid bilayer containing mobile ligands attached
to the surface. This made it possible to differentiate
proteins by current blockage analysis and slow the
dynamics of protein transport.29 Metalized silicon ni-
tride nanopores, chemically modified with receptors,
are used to detect subclasses of IgG antibodies.34 Some
theoretical works and simulations have also been per-
formed on protein translocation.38�40

The protein model in our study is the maltose
binding protein (MalE),41 composed of 51 acidic resi-
dues (24 Aspþ27 Glu) and 43 basic residues (37 Lysþ6
Arg), uniformly distributed along the primary se-
quence. Its pI is 5.2; thus the protein is negatively
charged at pH 7.5, and the protein net charge is �8e.
From the 3D structure, there is no visible cluster of
charged residues; therefore we assumed that charged
residues are also uniformly distributed in the unfolded
conformations. In our experimental conditions the
unfolded proteins have a random coil conformation
in the presence of denaturing agent and high salt
concentration. The diameter of the flexible polypep-
tide chain is around 8 nm. We have already studied the
dynamic properties of the entry and transport of
unfolded and folded maltose binding protein (MBP,
MalEwt), through a 20 nm solid-state nanopore per-
formed by focused ion beam (FIB) as a function of
applied voltage between 25 and 250 mV. The pore
diameter is larger than the folded and unfolded protein
size.42 We showed that these dynamics are associated
with a high free-energy barrier probably associated with
protein�nanopore wall adsorption. In the presence of

proteins, the event frequency of current blockades in-
creases exponentially as a function of applied voltage.
Atmedium electrical force, we observe frequency satura-
tion for unfolded proteins. We have observed that the
current blockade durations of the folded and unfolded
proteins decrease exponentially as the applied electric
field increases. In our experimental conditions, the
electro-osmotic flow is in the opposite direction of
the electric driving force. The dwell time of proteins
(current blockade) dependency showed us that the
electro-osmotic flow is not dominant for the dynamics
of protein transport. These times are found anoma-
lously long in comparison to expected dwell times
based on the electrophoretic mobility; they are prob-
ably mainly due to protein�pore interactions. In order
to obtain better insight into our previous work, experi-
ments are driven with a 3 nm solid-state nanopore
created using TEM, the unfolded protein MBP being at
least three times larger than the nanopore diameter.
Consequently, the transported protein would be in an
extended conformation. This pore diameter is similar
to the diameter of the biological channels involved in
the translocation of unfolded proteins. To be sure that
the unfolded proteins are really transported by an
electrophoretic mechanism through the nanopore,
we applied high voltages (from 200 to 750 mV). The
electro-osmotic velocity is controlled by the geometry,
the diameter, the net charge of the pore, the ionic
strength, and the pH of solution.28,43�46 Here, the
Debye length remains on the same order as previous
experiments using the large pores. We also use the
same solid-statemembrane (Si3N4), but the large pores
were drilled by using FIB techniques and the narrow
ones by TEM techniques. We can suppose that, in the
first case, the nanopores contain some gallium ions,
while, in the second case, the charges are annealed by
the electron beam.47 This phenomenon could explain
the linear I�V curve observed with nanopores drilled
by TEM, in agreement with Schulten's recent work.47

The differences are a strong decrease of the nanopore
diameter and the net charge of the nanopore (the
solution pHdoes not change).We expect an increase of
electro-osmotic velocity of the fluid due to a decrease
of the pore diameter and a decrease of the electro-
osmotic flow due to the net charge decrease.46

Moreover, independently of the hydrodynamic ef-
fects, the confinement becomes more important, and
the energetic penalty becomes higher to enter the
narrow pore. In any case, one expects that the protein
dynamics and frequency should slow dramatically.
Surprisingly, we observe shorter dwell times and higher
event frequency. The experimental entry of molecules
as a function of electric driving force follows an ex-
ponential dependency. The transport is dominated
by either the free-energy barrier or the electrophoretic
mechanism in the medium or high-voltage regime,
respectively, consistent with the entropic barrier
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mechanism of polymer translocation. The event fre-
quency is 10 times higher and the activation energy is
three times lower with the 3 nm pore than with the
previous 20 nm pore. Our results suggest that electro-
osmotic flow and protein adsorption on the nanopore
wall should be minimized. Therefore, it is possible to
control protein transport through a narrow pore at
high voltage. In this work, we attempt to enhance the
understanding of protein transport through a small
nanopore. Data are discussed according to a theory of
capture rates in polyelectrolyte transport through nar-
row nanopores.48 It has been shown that the process of
polyelectrolyte capture by the nanopore under an
electric field is delineated by two regimes: an entropic
barrier regime and a drift regime. In the first regime
dominated by the entropic barrier for the polyelec-
trolyte, atmediumvoltage differences, the capture rate
is an increasing nonlinear function in the electric field.
In the drift regime, where the electric driving force
dwarfs the role of entropic barriers, at higher applied
voltages, the capture rate is linear in the electric field.

RESULTS AND DISCUSSION

Figure 1a shows a bright-field (BF) STEM image of a
3 nm diameter solid-state nanopore drilled in a 30 nm
thick Si3N4 membrane. From this picture, we measure
the pore diameter: dpore = 3 ( 0.15 nm (Supporting
Information). Figure 1b shows the current�voltage (I�V)
characteristics through a 3 nm solid-state nanopore in
0.82 M KCl (red curve, σ = 9 S/m) and 0.82 M KClþ 1.5 M
guanidium-HCl (blue curve, σ = 12.6 S/m) buffer. A linear
fit to the data yields conductance values of 5.5 and 8.1 nS
in 0.82 M KCl and 0.82 M KCl þ 1.5 M Gdm-HCl, respec-
tively. The denaturing agent (guanidium-HCl) does not
affect either thenoise level or thepore stability. Additionof
guanidium-HCl just increases the open pore level (i.e., the
pore conductance Gpore) by about 40%. Note that in both
cases, the I�V characteristics are linear,47,49�51 in contrast
with our previous works on pores drilled by FIB42,52 or
asymmetrical conical pores in polymer membranes,53

where current asymmetry was usually observed.

Using a simplified model where the nanopore is
approximated by two cones and a cylinder54 (inset of
Figure 1b), the conductance of the conical part is
Gconical = (πσ/4)dpore(dconical/Lconical), where dconical is
the diameter and Lconical is the height of the cone. The
cylinder conductance is Gcylinder = (πσ/4)(dpore

2/Lpore).
The access conductance is Gaccess = 2dporeσ.

55 The total
conductance can be written as 1/Gpore = 2(1/Gconical)þ
1/Gcylinder þ 1/Gaccess. Taking into account that
Lmembrane = (2Lconical þ Lpore) where Lmembrane is the
membrane thickness, we evaluate an effective pore
length Lpore= 4.9 ( 1.4 nm (Supporting Information).
Note that the I�V characteristics obtained from the
3 nm solid-state nanopore after immersion in PEG
solutions are not altered, suggesting that the apparent
pore diameter remains unchanged. This means that
the PEGs are not interacting with the pore walls
irreversibly (Supporting Information).

Analysis of the Current Blockades and Dwell Times. After
the addition of unfolded proteins in the cis (negative)
compartment, deep current blockades are observed
(Figure 2). Details of two current traces at 200 mV
(Figure 2a) and 750 mV (Figure 2c) are shown. For
each applied voltage we focus on the current traces

Figure 1. Transmission electronic microscopy (TEM) nano-
pore fabrication for the transport of unfolded proteins.
(a) Bright field (BF) STEM image of a 3 nm diameter solid-
state nanopore performed in a 30 nm thick Si3N4 membrane.
(b) I/V characteristic curve through a solid-state nanopore in
0.82 M KCl and 5 mM Hepes pH 7.5 and in the presence of
1.5 M Gdm-HCl. The inset shows the geometry of the pore.

Figure 2. Detail of current trace recording in the presence
of unfoldedMBPprotein. Theprotein concentration is 10.4μM
in a0.82MKCl and5mMHepes, pH7.5, buffer. To unfold the
MBP, the experiment was performed in 1.5 M guanidium
chloride. Individual events are shown with increased time
resolution for each transmembrane potential. (a) Current
traces at a transmembrane potential of 200mV.We observe
two types of events: one short with low-magnitude current
blockade (on the right) and one longer and deeper (on the
left) (b), I0 is the average current of the baseline, Ib the mean
current of each event. Current traces at a transmembrane
potential of 750mV (c).We observe only one type of events (d).
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(Figures 2b and d, respectively). At low voltages (200mV)
we observe two types of events: one short with a low-
magnitude current blockade and the other longer and
deeper. At high voltages (750 mV), the durations of both
types of events are similar to low-magnitude and short-
current blockade events.

In Figure 3a, we observe two populations of events
for the current deviation (I0 � Ib) versus the dwell time
at 200 mV. The current deviation of the longer events
(1.19( 0.06 nA) is approximately twice that of the short
ones (0.72 ( 0.17 nA). At 750 mV, we observe just one
large population of events in Figure 3b.

We then plot the normalized current blockade ratio
[(I0 � Ib)/I0] (%) as a function of the applied voltage
(Figure 3e), where I0 is the average current of the
baseline and Ib the mean current of each event. We
observe the same behavior for both short and long
events: a strong decrease until 400mV from 73% down
to 13% for long events and from 44% to 9% for short
events. For voltages higher than 400 mV, the ratio
reaches a constant value (6.1 ( 2.3% for short events
and 9.5 ( 2.5% for long events). This means that
unfolded protein is stretched as a function of electric
driving force up to 400 mV, and when the applied
voltage increases even more, the extended conforma-
tion does not change inside the narrow pore.

We assume that above 400 mV the chain is fully
extended inside the narrowest region approximated
by a cylindrical shape, with an effective length Lpore =
4.9( 1.4 nm and a radius rpore = 1.5( 0.08 nm. For an
unfolded protein, the unit segment is the persistence
length. It is natural to choose a cylinder for the
molecule geometry, rmonomer = 0.33 ( 0.02 nm (size
of one amino acid). The predicted volume occupied by
the extended portion of protein passing through the
pore effective length is given by the volume of the
protein Vprot divided by the volume of the pore Vpore:
Vprot/Vpore = rmonomer

2/rpore
2 = 5 ( 1%. This result is in

agreement with the experimental value of the normal-
ized current blockade ratio [(I0 � Ib)/I0] at the plateau
(9.5 ( 2.5%). In fact, this estimation shows that the
chain is completely stretched in the pore.

We could suppose that short events are described
by one protein entering the pore, and longer events by
two proteins entering in single file.56 To check this
hypothesis, we can look at the dwell time behavior.
Histograms of the dwell times presented in Figure 3
give us the time distribution for each applied voltage.
The maximum of this distribution defines the most
probable dwell time. At 200 mV (Figure 3c), the char-
acteristic time for short events with low-magnitude
current blockade is 700( 100 μs, while for longer and
deeper events this time is 2000 ( 300 μs. At high
voltage (750 mV) there is only one large distribution
(Figure 3d), which is like the short one observed at
medium voltage (200 mV).

We expect two dynamics inside the nanopore; the
first one is described by an energy barrier. We expect

Figure 3. Current variation events of unfoldedproteins versus
applied voltage. Current variation versus the dwell time (a, b)
and histograms of dwell times (c, d) at two applied voltages,
200 mV (a, c) and 750 mV (b, d). (e) Normalized current
blockage ratio [(I0� Ib)/I0] (%) as a function of applied voltage
for short (red) and long (blue) events.

Figure 4. Dwell time of events as a function of transmem-
branepotential.Dwell timeof short (red) (a,c)or long (blue) (b,d)
events for unfolded proteins as a function of applied voltage.
Between 200 and 400 mV, we find using the equation f(V) = A
exp(�V/V0), Ashort = 1050( 161 μs, V0short = 422( 89mV and
Along=4361(1250μs,V0long=260(63mV.Between400and
750 mV, we find using the equation f(V) = b/V þ a, ashort =
�312 ( 57 μs, bshort = 303540 ( 32400 μs 3mV and along =
�855 ( 107 μs, blong = 708300 ( 71500 μs 3mV.
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an exponential dependency of the transport time as a
function of the applied voltage. The second one is
described by an electrophoretic transport,52 and the
translocation time is expected to be inversely propor-
tional to the applied force. We represent the blockade
times as a function of the applied voltage (Figure 4) for
short and long events. The blockade duration de-
creases in both cases as the applied electric field in-
creases. We have examined both hypotheses: in our
case, the exponential fit is the best one at medium
voltages smaller than 400 mV, so a model of an activa-
tion barrier is better (Figure 4), which could be ex-
plained by protein�pore nonspecific interactions. For
voltages higher than 400 mV, the behaviors follow
electrophoretic dynamics (Figure 4). At high electric
driving force, the protein is transported through the
nanopore.

In order to understand the crossover from an
exponential dependence of the residence time at
moderate voltages to the inverse voltage dependence
at higher voltages, we have considered a free-energy
profile (inset in Figure 5) along the translocation direc-
tion, where there exists a barrier U followed by a ramp
due to the electric field across the pore. The barrier
arises from the confinement of the polymer at the pore
entry initially without grafting between the chain end
and the pore mouth. The chain end must unravel from
its initial confined state to place itself at the pore entry,
which results in an entropic barrier. The barrier is
assumed to be present at a distance of ηL, where L is
the pore length. In addition to the entropic barrier
there is a potential energy drop of |QV| across the pore.
Although the free-energy profile across the pore could
be more complicated, we take the simplest profile to
gain an understanding of the most dominant factor

responsible for the crossover. For the free-energy
landscape48,57,58 of Figure 5, the average translocation
time τ follows from the Fokker�Planck formalism as

τ(v)�
η

(u � vη)
(eu � vη � 1) � 1

v
(e�v � e�vη)

(See Supporting Information.) Here η is the location
of the barrier, and v = |QV|. u and v are in units of kBT.
Taking the experimental charge of the protein to be
Q = �0.16e (see below), we fit the measured dwelling
times plot andwe calculate the values forU = 9( 1.4 kBT
and for η = 0.54 ( 0.03. A plot of the modelized
translocation time τ against (1/v) as well as the experi-
mental data is presented in Figure 5. The model
reproduces clearly the experimental crossover.

Surprisingly, the measured dwell time through a
3 nm (t3nm) pore is comparable with that measured
through a 20 nm (t20nm) pore

42 at the same applied
voltage. Because of confinement effects, one would
expect tomeasure longer times. If we consider a purely
diffusive transport59 through a long pore, the dwell
time t is t = L2η0Na/kBT(a/D)

2/3, L being the pore length,
η0 the solution viscosity,N themonomer number, a the
monomer size, D the pore diameter, and kBT the thermal
energy. Comparing t3nm to t20nm, we find t3nm = t20nm
(D20nm/D3nm)

2/3 = 72/3t20nm, while we find in our mea-
surement, t3nm = t20nm (700 ( 100 μs). The unfolded
protein transport dynamics through the two pores are
different according to a scaling argument. In our
previous work, we explained these long times by two
phenomena: either electro-osmotic flow due to the
charged surface of the nanopore wall, or protein
attractive interactions with the nanopore wall. In the
case of electro-osmotic flow, it was observed pre-
viously by Wanunu et al.60 that the event frequency
decreasedwhen the applied electric force increased. In
order to check the importance of electro-osmotic flow
in this study, we performed an experiment with neutral
polymers as a function of electric field (Supporting
Information). The event frequency and the dwell time
of PEG transport as a function of the applied voltage
remain constant. The current deviation follows Ohm's
law behavior as a function of the applied voltage.
These results show that electro-osmotic flow is greatly
reduced in our experimental conditions. A recent simu-
lation work predicts that the interactions between pro-
tein and nanopore could be strong for FIB nanopores,
due to gallium ions, and weak for TEM nanopores,
because the silica surface rearranges and the patches
of dangling atoms are removed.47 The interactions
between the protein and the pore wall could be weak;
this is a possible explanation of our observation
of translocation times being shorter than expected.
Nevertheless, this time remains long compared to that
predicted in the absence of interaction, which is on
the order of a microsecond.32 This is quite a common

Figure 5. Comparison between theoretical translocation
time and experimental dwell time versus reciprocal of
dimensionless voltage corresponding to the experiment
(left). Sketch of the free-energy landscape (right). The
average modelized translocation time is plotted (green
curve) against 1/v, v = |QV| in units of kBT, for the experi-
mental range of voltage, V, from 200 to 800 mV, experi-
mental data (red markers). The experimental effective
charge of the protein is Q = �0.16e and the pore length is L;
we obtain the energy barrier, U = (9 ( 1.4)kBT, and the
barrier location η = 0.54 ( 0.03. The free-energy profile
permits explaining the crossover from an exponential
dependence of the residence time at moderate voltages
to the inverse voltage dependence at higher voltages.
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phenomenon, particularly on such a high-energy sur-
face as that of SiN,61 and many authors27,30,42 give
prominence to it.

Analysis of Event Frequency. From the inter-event dura-
tion histogram (Figure 6a), we observe that the block-
ade current frequency increases exponentially as the
applied voltage increases from 200 mV to 750 mV
(Figure 6b). We use a van't Hoff Arrhenius formalism,
R = R0 exp(|V|/V0), where R0Rf* exp(�U*/kBT) is the zero
voltage capture rate controlled by an activation barrier
U* (f* is a frequency factor) of entropic and electrostatic
origin. The ratio |V|/V0 = (zeV)/kBT is a barrier reduction
factor due to the applied voltage V, acting on ze, the
effective electric charge of the molecule, where z is the
magnitude of the effective total number of elementary
charges of the protein, e is the elementary charge, and
kBT is the thermal energy. The potential V0 (V0 = kBT/ze)
corresponds to the necessary applied potential to
allow a charged protein to overcome the Brownian
motion. Frequency data are well described by an
exponential fit of the equation f = f0 exp(|V|/V0), where
f0 = 3.8 ( 0.5 Hz and V0 = 152 ( 6.4 mV.

The protein net charge is �8e in solution in the
absence of counterion condensation. The effective
charge z is extracted from indirect measurement
z = (kBT)/(V0e) = 0.16 ( 0.01.

Up to now, we have just qualitative possible ex-
planations to discuss the high charge reduction at the
entry of the nanopore. The reduction of unfolded

protein charge could be due to the charge confine-
ment in the medium of low dielectric constant62 or to
back-flow effects.28,45,63

In order to estimate the activation energy, we
calculate the frequency factor (f*) from the barrier
penetration calculation f* = CDdiffApore/Lpore, where
C = 6.24� 1021molecules/m3 is the bulk concentration
of MBP protein (corresponding to c = 10.4 μM), Ddiff =
10�10m2/s is its diffusion coefficient, Apore =π10�18m2

is the cross-sectional area of the pore, and Lpore = 4.9(
1.4 nm is the pore length. We find U* ≈ (4.2 ( 0.5)kBT
for just the entry of an unfolded protein. If we consider
both the protein capture and the chain confinement
inside the pore, we obtain U = (9 ( 1.4)kBT (Figure 5).

We expected an increase of the energy barrier by a
factor (D20nm/D3nm)

5/3 ≈ 24 if we consider that the
entropic barrier is dominated by the confinement of
the chain.64,65 However, this energy barrier is two times
smaller than that obtained with the 20 nm pore (U* ≈
10.4kBT). This means that either electrostatic or hydro-
phobic interactions could contribute to this activation
energy. We have previously determined the activation
energy for the entry of unfolded proteins through
protein pores. We obtained U* ≈ 2kBT for the alpha-
hemolysin andU*≈ 4kBT for the aerolysin. These pores
have a similar diameter to the solid-state one (around
2 nm), but their net charge is different. For these
protein nanopores, the entropy is the major contribu-
tion for unfolded protein pore entrance.14,23 We ex-
pected an entropic penalty for an excluded volume
chain of a neutral polymer: U* ≈ (Lpore/D)kBT ≈ (1.6 (
0.4)kBT.

40 In our experimental conditions, the high salt
concentration screens the electrostatic interactions.
Finally, the main contribution in our experiments for
protein entrance with a narrow solid-state nanopore is
an entropic barrier.

CONCLUSION

In conclusion, we compare the transport of unfolded
proteins as a function of the applied voltage (from 200
to 750mV) through a 3 nm solid-state nanopore drilled
by TEM to our previous work with a 20 nm solid state
nanopore drilled by FIB.Weobserve surprisingly for the
narrowest pore a higher event frequency, a lower
activation energy, and shorter times than expected.
We show that the entry of unfolded proteins inside the
narrow nanopore is dominated by the entropic effect
associated with the confinement of the chains. The
protein is progressively stretched under the applied
voltage and assumes an extended conformation at
high voltages. The dwell time decreases exponentially
at medium voltage: the chains interact with the nano-
porewalls andescape from thepore. This time is inversely
proportional to the applied force at high voltage: the
unfoldedproteins are really transported through thepore
by an electrophoretic mechanism. The theoretical model
fits well the results and the experimental crossover. There

Figure 6. Frequency of current blockades versus applied
voltage in semilog scale. (a) Explanation of the statistical
analysis of the measured current traces, distribution of
inter-event intervals Ti for four different applied voltages.
(b) Frequency of events versus applied voltage. The red line
is an exponential fit of equation f= f0 exp(|V|/V0) with f0 = 3.8
( 0.5 Hz and V0 = 152 ( 6.4 mV.
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are two steps during translocation: (I) capture of the chain
to fill the pore; (II) transfer while keeping the pore filled.
This model has an exponential behavior at medium

voltages and linear dependence at higher voltages; the
free-energy barrier and the location of the barrier are the
adjustable parameters.

METHODS
Nanopores. The nanoholes were manufactured using a TEM/

STEM Jeol 2200FS microscope operating at 200 keV and
equipped with an aberration corrector on the probe (STEM
mode). The nano-openingswere created using a 1.3 nA electron
probe, a half-convergence angle of 30 mrad, and a spot size
(fwhm) of 0.4 nm. The width of the scanning window deter-
mines the size of the nano-opening. The etching process is
observed in situ and stopped when the nanohole is formed in
the scanningwindow. The post-treatment observations in high-
angle annular dark field imaging mode are performed using a
lower energy probe (240 pA and a spot size of 0.15 nm) to avoid
any modification of the shape of the hole.

All of the nanoporeswere adapted to an easy-to-use “Port-a-
Patch” setup (Nanion Technologies Gmbh). They were glued
onto a drilled screw cap containing a 1�2 mm wide hole. This
chip can be easily handled and rinsedwithwater and ethanol. In
order to make the membrane hydrophilic, we cleaned this chip
by exposing each side to oxygen plasma for 2 min. We then
applied a 10 μL buffer droplet to each side of the nanopore
using a micropipet. The buffer was an ionic solution of 0.82 M
KCl containing 5 mM Tris (pH 7.5) and allowed good storage
conditions. The experiments were conducted in a water-satu-
rated atmosphere. The effective pore diameter was deduced
from an open-pore conductancemeasurement. The denaturing
agent (guanidium-HCl) did not affect the noise level or the pore
stability. The addition of guanidium-HCl only increased the ionic
current of the open pore.

Proteins. The recombinant maltose binding protein (MBP or
MalEwt) of Escherichia coli contained 370 residues (Mr = 40 707)
and was negatively charged (with a net charge Z =�8e) at phy-
siological pH. The wild-type MBP was purified as described.66

The buffer was an ionic solution of 0.82 M KCl containing 5 mM
Tris (pH 7.5). In this study, we added to this ionic solution the
recombinantMBPdenatured by guanidium chloride (Gdm-HCl),
the final concentration of guanidium chloride being 1.5 M.

Data Acquisition. The ionic currents were detected using an
Axopatch 200B amplifier (Molecular Devices). They were first
filtered at 10 kHz before a digitization at 250 kHz (4 μs). The data
were processed with a homemade macro, using Igor software
(Wavemetrics). The event measurements were based on a
statistical analysis of the current traces described in a previous
article.67 This method was based on a two-threshold method in
the case of events with an asymmetric shape; the event dura-
tion was a function of the threshold. Because our threshold
criterion was always the same, the measurement error was
constant and remained low. All datawere obtainedwith a single
nanopore, but for each experimental condition, wemeasured at
least 2000 events. The same nanopore was used during several
experiments and several days with the protein. The physical
parameters were estimated without the standard deviation
between different pores but with the standard deviation of
several assays with the same pore. Data were systematically
checked for reproducibility.
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