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Abstract: Understanding the interactions between silicon-based materials and proteins from the bloodstream
is of key importance in a myriad of realms, such as the design of nanofluidic devices and functional
biomaterials, biosensors, and biomedical molecular diagnosis. By using nanopores fabricated in 20 nm-thin
silicon nitride membranes and highly sensitive electrical recordings, we show single-molecule observation of
nonspecific protein adsorption onto an inorganic surface. A transmembrane potential was applied across a
single nanopore-containing membrane immersed into an electrolyte-filled chamber. Through the current
fluctuations measured across the nanopore, we detected long-lived captures of bovine serum albumin (BSA),
a major multifunctional protein present in the circulatory system. Based upon single-molecule electrical signatures
observed in this work, we judge that the bindings of BSA to the nitride surface occurred in two distinct orientations.
With some adaptation and further experimentation, this approach, applied on a parallel array of synthetic
nanopores, holds potential for use in methodical quantitative studies of protein adsorption onto inorganic surfaces.

Introduction

Spontaneous adsorption of proteins onto solid-state surfaces1-3

is at the heart of a broad spectrum of areas, including biochip
applications, nanomedical devices, and design of a new class
of functional hybrid biomaterials. Despite many experimental
studies on protein adsorption at the liquid-solid interface,1,2,4-8

this phenomenon is still not comprehensively understood. In
general, protein adsorption is considered an irreversible non-
specific process,4-6 where the occupied area remains excluded
for other proteins in the aqueous phase, because proteins
attached to the solid surface do not show lateral mobility or
significant desorption rates.6,8,9 The complexity of protein

adsorption on solid surfaces results from the multitude of
electrostatic and hydrophobic forces among the side chains of
the proteins and the reactive groups at the solid-liquid
interface.9

In this article, we probe protein adsorption on a low-stress
silicon nitride (SixNy) surface at single-molecule resolution using
the resistive-pulse technique.10-12 In this technique, single-
channel current measurements (Supporting Information)13 are
employed to detect, explore, and characterize an analyte by
measuring the fluctuations in a current signature produced by
ions passing through a single nanopore. These fluctuations occur
when the analyte partitions into the nanopore, excluding the
volume available for ion passage, thus causing a decrease in
the current. We employed solid-state nanopores (Supporting
Information, Figures S1-S3)14,15 that feature an array of
advantages, such as the robustness of the membrane and the
ability to easily tune the diameter of the nanopore. Below, we
describe time-resolved, long-lived captures of single bovine
serum albumin (BSA), a 66.4 kDa molecular mass protein, into
a SixNy-based nanopore. While such long-lived captures have
been observed before,16-18 to our knowledge, this is the first
time they have been studied systematically.
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The nanopores were drilled into a 20 nm-thin amorphous SixNy

film using a concentrated electron beam (Supporting Information,
Figure S1; Figure 1).19,20 Over 40 different nanopores were used,
with diameters ranging from 3 to 25 nm. BSA, the most abundant
protein in the bovine bloodstream, is folded in a globular conformation
with the approximate dimensions of 4 × 4 × 14 nm, giving it an
excluded volume of ∼224 nm3.21 When using nanopores of
diameter greater than 8 nm, the addition of low nanomolar
concentrations of BSA to the chamber produced transient short-
lived current blockades in the range of 20 µs or shorter.

We show experimental evidence that the long-lived captures
of single BSA proteins, in a broad range from tens of
milliseconds to several minutes, are caused by nonspecific,
random, and spontaneous attachment of single proteins to the
SixNy surface within the nanopore interior. Each adsorbed BSA
protein produces a discrete drop in the current measured through
a single nanopore. We found that the resulting current state
followed one of two patterns. Either it was a stable constant
value for long periods or it fluctuated. We judge that the current
fluctuations were due to a movable, unattached part of BSA
that does not show significant interactions with the SixNy surface.
The fluctuations of the resulting current state of the nanopore
were voltage dependent and obeyed a simple energetic landscape
that is tilted along the applied electric force.22 When we used
nanopores with a diameter of ∼9 nm, a long-lived current drop
was accompanied by an alteration of the frequency of short-
lived current spikes. These short-lived spikes were attributed
to BSA partitions into the nanopore interior without significant
interactions of the protein with the SixNy surface. On the
contrary, the frequency of long-lived captures of BSA did not
undergo a simple dependence on the protein concentration in
aqueous phase. We interpret these events result from nonspecific,
random, and spontaneous adsorption of single BSA proteins to
the SixNy surface of the nanopore interior.4-6

Results

Excluded Volume of Free BSA Proteins. When a positive
voltage was applied across the SixNy membrane, a uniform,

event-free single-nanopore current was recorded (Figure 2A).
With the addition of BSA to the cis chamber, which was grounded
(Supporting Information, Figure S4), two types of interactions were
observed: very short-lived current spikes and long-lived current
blockades (Figure 2B). As BSA has an effective negative charge
of 12e at pH 7.4,23 it is expected that, at a positive potential,
the electric field within the nanopore interior will drive the
negatively charged BSA through the nanopore. Short-lived events
occurred at positive but not negative voltages, confirming that the
BSA protein has a net negative charge under the conditions used
in this work. Dwell times for these events were near the
resolution of our setup (∼15 µs) and did not conform to a simple
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Figure 1. Representative SixNy nanopores imaged by a Technia F-20 S/TEM in TEM mode. The diameters of the nanopores were 5 nm (A), 10 nm (B),
and 20 nm (C).

Figure 2. Single-channel electrical recordings with a 12 nm-diameter SixNy

nanopore, revealing long-lived BSA captures. (A) A uniform, stable, and
fluctuation-free single-channel current was observed in the absence of the
BSA protein. (B) Short-lived and long-lived gating current blockades were
detected when 180 nM BSA was added to the cis side of the chamber. (C)
The dwell-time histogram of the long-lived current blockades. The
transmembrane potential was +150 mV. A two-exponential fit was made,
giving time constants of τ1 ) 110 ( 11 ms and τ2 ) 440 ( 62 ms with the
associated probabilities of P1 ) 0.58 ( 0.05 and P2 ) 0.42 ( 0.05,
respectively. The fit was based upon a log likelihood ratio (LLR) test,57,58

with a given confidence level of 0.95. The buffer solution contained 1 M
KCl, 10 mM potassium phosphate, pH 7.4. For the sake of the clarity, the
single-channel electrical traces were low-pass Bessel filtered at 400 Hz.
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exponential. These findings are in accord with previous experi-
ments performed with solid-state nanopores and BSA.16,17,24

The amplitude of the short-lived current blockades varied
significantly (Figure 2B), suggesting that BSA traverses the
nanopore under different structural conformations. The
frequency of short-lived current blockades scaled linearly
with the BSA concentration, confirming that single BSA
proteins were the cause of the events (Supporting Information,
Figures S5 and S6).

The average excluded volume (Λ) of the BSA proteins may
be estimated using the following equation:25

which depends on the amplitude of the current blockade made
by the BSA proteins (∆Ib), the effective length of the nanopore
(Heff), the applied transmembrane potential (V), and the con-
ductivity (σ) of the solution within the interior of the nanopore.
It should be noted that this is an approximate equation in which
the protein is assumed smaller than the diameter of the nanopore
(Supporting Information).

A typical maximum value of ∆Ib was 2500 pA. If we use
this value, and σ ) 112 mS/cm,25 V ) +150 mV, and Heff )
20 nm, which is the thickness of the SixNy membrane, then the
expected excluded volume is Λ = 595 nm3. The events with
an amplitude greater than 2000 pA were rare (<1%), so that
they might be attributed to a very low concentration of dimers
and trimers in the BSA sample (Supporting Information, Figure
S4). Using a value of 224 nm3 for the excluded volume of
BSA,21 we employ eq 1 to find that the expected amplitude of
the current blockade ∆Ib = 941 pA. It is worth mentioning that
Heff could be greater than 20 nm, if the applied electric field
extends beyond the wall of the nanopore. The access resistance
of the nanopore is F/d,26 where F is the resistivity of the
KCl solution and d is the nanopore diameter. Under the
experimental conditions used in this work, the access resistance
of a nanopore with a diameter of 12 nm is 7.44 × 106 Ω. This
value is of the same order of magnitude as the resistance of the
nanopore (1.58 × 107 Ω), which was calculated using a
cylindrical geometry. Therefore, we need to take into account
the access resistance of the nanopore. This is equivalent to
making the nanopore πd/4, or roughly 0.8d, longer.26 For a
typical nanopore with a diameter of 12 nm, then the effective
length Heff is 29 nm, which gives ∆Ib = 429 pA. This value is
close to 470 ( 40 pA, the median value of the short-lived current
blockades measured at a transmembrane potential of +150 mV
(Supporting Information, Table S1 and Figure S5). It is also
notable that the amplitude of the current blockades (∆Ib) of the
short-lived events is diminished, because the events are near
the time resolution of the instrument.27 Therefore, they are
altered by the rise time of the filter.

Long-Lived Captures of BSA Proteins. Long-lived current
blockades occurred at every nanopore diameter greater than 8
nm and showed several general attributes across the investigated
range. Significantly, unlike the short-lived current blockades,

the long-lived events did not show a simple linear relationship
with the BSA concentration. Instead, long-lived current block-
ades had a sudden onset that occurred between low (10 nM)
and high (180 nM) concentrations of BSA. The concentration
at which such onset occurred did not appear to be affected by
the diameter of the nanopore (Supporting Information, Table
S2). For example, measurements on nanopores from 9 to 12
nm in diameter had onsets varying from 10 to 180 nM BSA.
On the other hand, nanopores from 14 to 16 nm in diameter
had onsets as low as 20 nM BSA and as high as 180 nM BSA.
While the onset of events could occur between these ranges, it
was much more probable at high BSA concentrations. For
nanopores with diameters between 12 and 16 nm, only 2 of 27
nanopores tested had an onset below 20 nM BSA, whereas 80%
displayed long-lived current blockades at 180 nM BSA (Sup-
porting Information, Table S2).

As expected, at very low BSA concentrations, the long-lived
current blockades were rare. We tentatively interpret the “onset”
of long-lived current blockades to be the adsorption of a single
BSA molecule to the pore wall. The onset means that, at
concentrations lower than the onset concentration, no BSA
adsorbed to the pore surface within the time frame of the
experiment (10 min single-channel electrical trace) and for the
number of nanopores used in this work. Given the complexity
of the nonspecific, random, and spontaneous adsorption at the
liquid-solid interface, involving a variety of electrostatic and
hydrophobic forces, we think that a quantitative description,
including model predictions of the far-from-the-equilibrium
single-molecule events at very low BSA concentrations near
the “onset”, is quite difficult.

Thanks to the nonspecific nature of the BSA-nanopore
binding interactions, the amplitude of the long-lived current
blockades varied from nanopore to nanopore, indicating that
different fragments of BSA produced such events in different
nanopores (Supporting Information, Figure S7). Moreover, the
long-lived current blockades were typically smaller in amplitude
than the short-lived current spikes, between 100 and 400 pA,
at a transmembrane potential of +150 mV. The sudden onset
of the BSA-produced, long-lived current blockades was often
followed by a sudden cessation of such events, demonstrating
that long-lived events occurred in a reversible fashion (Sup-
porting Information, Figure S8) and suggesting that these events
were due to the adsorption of a single BSA molecule to the
pore wall. The long-lived current blockades were either ac-
companied by additional current fluctuations between the
resulting current state and a lower current state, with durations
in the range of tens to hundreds of milliseconds (Figure 2), or
not accompanied by additional current fluctuations. The nature
of gating for each event appeared to be different both for
different nanopores and for different adsorption events within
the same nanopore. If τon is the average interevent time interval
and τoff is the average duration of the current blockade, then
the apparent rate constants of association and dissociation are
kon ) 1/τon and koff ) 1/τoff, respectively. The observed “on”
rate constants were in the range 0.3-769.1 s-1 (n ) 9
experiments). The observed “off” rates were in the range
4.1-4170 s-1 (n ) 9). Moreover, we also observed multiple,
subsequent, and discrete current blockades at greater BSA
concentrations, eventually producing the clogging of the nan-
opore (Supporting Information, Figure S9).

Critical Diameter of the Nanopore for Protein Detection. We
did not observe BSA-induced current blockades with nanopores
narrower than ∼8 nm in diameter. The hydrodynamic diameter
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of BSA at pH ) 7.4 is ∼9 nm,23 close to the critical diameter
(dc ) 8 nm) that separated observable from nonobservable BSA-
produced current fluctuations. Our inability to probe BSA-induced
current blockades with nanopores smaller than dc is interpreted as
the exclusion of proteins from the interior of the narrow nanopores.
Recent experiments performed in this laboratory have shown that
globular proteins with dimensions greater than the diameter of the
nanopore produce no significant alterations in the unitary conduc-
tance or single-channel current fluctuations.28,29

In contrast, for nanopores whose diameter is 9 nm, the low-
amplitude long-lived current blockades had a detectable effect
on the frequency of the short-lived current spikes (Figure 3).
Thus, a single BSA molecule adsorbed to the interior of the
nanopore produces a prolonged current blockade, creating an
experimentally detectable energetic penalty for further BSA
molecules to traverse the nanopore. The BSA protein that is
attached to the surface decreases the effective diameter, reducing
the frequency of the protein partitions into the nanopore interior.
The trace in Figure 3 is partitioned into four sections, A, B, C,
and D, which delineate the states of the long-lived current
blockades. In state A, no long-lived current drop is observed
(Figure 3A). A first long-lived current drop is observed at the
beginning of state B. A counting of events was performed for
each section using single-nanopore electrical data at a bandwidth
of 10 kHz. At the beginning of state C, a second long-lived
current drop occurs, accompanied by a drop in the frequency
of short-lived current blockades from 32.2 ( 0.4 (Figure 3B)
to 2.3 ( 0.3 s-1 (Figure 3C). At the beginning of state D, the
current rises and the frequency of short-lived current spikes
increases to 21.7 ( 0.4 s-1 (Figure 3D). For nanopores with a
diameter much greater than 9 nm, very long-lived current
blockades produced by single BSA proteins captured into the
nanopore interior had no impact on the frequency of the large-
amplitude, short-lived current blockades.

Voltage Dependence of the Long-Lived Captures of BSA
Proteins. The frequency, amplitude, and duration of long-lived
current blockades, observed with a single 12 nm-diameter
nanopore, were probed at voltages of +100, +200, +300, and
+400 mV. Representative single-channel electrical traces are
presented in Figure 4. At progressively higher voltages, the
probability of maintaining the lower state was increased, as
judged by the longer-duration events recorded at this level. The
probability of the open (upper) state was 0.71 ( 0.01 (n ) 1134

events), 0.38 ( 0.01 (n ) 3996), 0.26 ( 0.01 (n ) 614), and
0.12 ( 0.01 (n ) 24) at a transmembrane potential of +100,
+200, +300, and +400 mV, respectively. An event-detection
protocol was performed using ClampFit 10.2 (Axon) to count
all current values above a threshold current. Each time the
current passed above the threshold and then below, it was
counted as an event. The sum of the duration of events above
the threshold was taken, and then this value was divided by the
total sampling time. The free energy that is associated with the
conformational fluctuation from the upper to the lower state
could be estimated using the formula ∆G ) -RT ln(koff/kon).
The values for ∆G, at transmembrane potentials of +100, +200,
+300 and +400 mV, were -0.24, -0.93, -1.66, and -4.30
kcal/mol, respectively. The total number of net negative charges
of the BSA protein at pH 7.4 is 12.23 Assuming that only one-
half of the charges are located on the protein domain that is attached
to the SixNy surface, then the corresponding electrical force that
alters these switching fluctuations is 13.2 pN at a transmembrane
potential of +400 mV. In this calculation, the electrical force is
F ) neV/Heff, and the access resistance of the nanopore was
taken into consideration.26 Here, n denotes the net number of
negative charges that are not attached to the surface. It should
be noted that this simple relationship between force and
transmembrane potential is quite approximate, because it
assumes a linear voltage drop across the nanopore length.

A cartoon representing the qualitative alterations in the dynamics
of a single BSA protein attached to the SixNy surface of the
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Figure 3. Representative single-channel electrical recording with a 9 nm-
diameter SixNy nanopore. The electrical trace was low-pass Bessel filtered at
2 kHz. Ten nanomolar BSA was added to the cis side of the chamber. The
other experimental conditions were similar to those presented in Figure 2.

Figure 4. The voltage dependence of the long-lived current fluctuations.
The single-channel electrical traces from the top panels are recorded at +100
mV (A) and +300 mV (B). These experiments were carried out with a
12 nm-diameter nanopore. The BSA concentration in the cis chamber
was 20 nM. The middle panels represent a schematic model of the
voltage-dependent partitioning of the negatively charged, unattached part
of the BSA protein into the nanopore interior at a transmembrane
potential V ) 0 mV (A) and V . 0 mV (B). These panels show the
attached BSA protein in the open (A) and closed (partitioned) (B) states,
respectively. The bottom panels illustrate free energy landscapes of the
BSA-nanopore complex at zero (A) and much greater than zero (B)
voltages, respectively. The other experimental conditions were similar
to those presented in Figure 2.
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nanopore interior is shown in Figure 4. The applied transmembrane
potential alters the probability of the open state of the nanopore.
In the absence of an electric field, there is a significant entropic
barrier for the movable part of the BSA protein to partition into
the interior of the nanopore (Figure 4A), because more protein
configurations are allowed in the aqueous phase than inside the
nanopore. Therefore, the nanopore-BSA complex has a high
probability to lie in the open state. However, the presence of a
sufficiently intense electric field (E ≈ 7.5 × 106 V/m) tilts the
energetic landscape along the force coordinate, lowering the
activation free energy of the nanopore-BSA complex to undergo
a transition from the open state to the closed state, and increasing
the probability of the movable negatively charged BSA protein to
partition into the nanopore interior (Figure 4B).

To test the reproducibility of the two-state gating, a set of
experiments with nanopores ranging in diameter from 10 to 25
nm were used in the following conditions: 1 M KCl, 10 mM
potassium phosphate buffer at pH 7.4. BSA was added to the
chamber to a concentration of 450 nM, and a positive bias of
+150 mV was applied. This high concentration of BSA was
used to ensure the threshold for the onset of long-lived events
was met. Long-lived events occurred in every nanopore at this
concentration. Two-state gating occurred in 38% of the nan-
opores (n ) 13) tested within the 10 min time frame of the
measurement (Supporting Information, Figure S7). In those
nanopores that showed two-state gating, the duration of the
gating differed. The average duration of gating was 20 ( 15 s,
with values as short as 0.72 s and as long as 43 s.

Discussion

In the past decade, protein adsorption on silicon nitride surfaces
has been examined by a variety of experimental techniques,
including electron microscopy,30,31 ellipsometry,32 fluorescent
labeling,7 and planar polarization interferometry (PPI).33 In general,
these approaches reveal surface organization and nonspecific,
random adsorption phenomena of proteins at the liquid-solid
interface.4-6 In contrast, in this work, we rely on the detectable
single-channel current fluctuations produced by the interactions
between single BSA proteins and the nanopore interior.

We interpret that the short-lived current blockades observed
in the presence of BSA represent partition of individual proteins
into the nanopore interior, but without a significant interaction with
the SixNy surface. The duration of the short-lived current spikes
was close to the time resolution of our instrument (∼15 µs).27

This limitation precluded us from obtaining reliable voltage
dependence data of the short-lived current blockades due to a
large number of missed events at greater transmembrane
potentials.34 Assuming a two-barrier, one-well free energy
landscape for the BSA partitioning into the nanopore, the voltage
dependence would enable a rough estimate of the frequency of
protein translocations from one side of the chamber to the other
as well as the frequency of protein collisions with the nanopore

entrance.35 Remarkably, using an optimized chemiluminescence
assay, Fologea and colleagues showed that the BSA proteins
traverse nanopores with wide diameters of about 16 nm.24 In
this study, they also demonstrated the alteration of the BSA
charge induced by pH modification near the pI of the protein.

The single-molecule measurements with BSA proteins carried
out in this work also show that the solid-state nanopore might
hold the potential for a rapid assay for determining the
hydrodynamic radius of folded proteins in solution. We were
not able to detect transient, short-lived current blockades with
nanopores smaller than dc ) 8 nm. However, we were able to
detect current blockades with much shorter polypeptides using
narrower nanopores. For example, we observed transient current
blockades produced by NCp7, a 55 residue-long nucleocapside
polypeptide of the HIV-1 virus, with solid-state nanopores in
the range of 3-4 nm (Supporting Information, Figure S10).
Therefore, our inability to detect short-lived current blockades
with nanopores smaller than dc ) 8 nm was not caused by an
experimental artifact.

We interpret that the long-lived current blockades represent
strong binding events between the BSA protein and the SixNy

surface of the nanopore interior in the form of nonspecific,
random, and spontaneous protein adsorption. This interpretation
relies on several lines of experimental evidence: (i) the dwell
time of these binding events covers a very broad range, from
tens of milliseconds to several minutes; (ii) in some experiments,
very long-lived discrete shifts in the unitary current of the
nanopore were still persistent after BSA was removed from the
chamber bath by perfusion; such electrical signatures comprising
stepwise changes of the single-channel current were not found
within nanopores without BSA added to the chamber; and (iii)
binding events were strong enough that the application of a large
reverse voltage (∼750 mV) did not dislodge the protein from
the nanopore. Recently, Pedone and colleagues found similar long-
lived captures of avidin proteins within the SixNy-based synthetic
nanopore,18 which differed from the short-lived ballistic flights of
proteins through the nanopore. They interpreted that the long-lived
events represent transient or semipermanent adsorptions of avidin
onto the interior surface of the nanopore. The dwell time for
transient events was in the range of tens of milliseconds, whereas
their amplitude was well-defined.

In the case of long-lived current blockades with no further
fluctuations, the BSA is in a stable conformation (Figure 5A,
top panel). However, when fluctuating, the BSA is likely in an
unstable conformation, with only part of the BSA molecule
adhering to the SixNy surface (Figure 5B, top panel). We
tentatively interpret that the fluctuating BSA protein under-
goes conformational transitions between two states (Figure
5B) and that these transitions are modulated by the transmem-
brane potential (Figure 4). The typical transmembrane potential
in this work was +150 mV, corresponding to an electric field
of ∼7.5 × 106 V/m. This electric field induces an overall force
of ∼14.4 pN on the 12 net negative charges of the BSA at pH
7.4.23 Prior force spectroscopy measurements have shown that
proteins rupture at elongation forces of several piconewtons.36

Therefore, we think that a force of 14 pN would be able to at
least partially unfold the BSA proteins during their transit across
the nanopore interior so that the proteins traverse the nanopore
under various partially unfolded conformations. Recently, Talaga
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and Li proposed that the electrical forces present under
physiologically pertinent applied transmembrane potentials can
unfold the translocating proteins.25

We judge that the BSA molecules enter a flattened conforma-
tion upon nanopore wall adhesion, decreasing the excluded
volume of the molecule. This accounts for the lower amplitude
of the long-lived events as compared to the value that corre-
sponds to the short-lived current blockades. Again, a linear
dependence of the frequency of the short-lived current spikes
on the BSA concentration in aqueous phase indicates that these
short BSA-induced events cannot be attributed to nonspecific
protein adsorption.

The decrease in the excluded volume of the BSA protein upon
its adsorption to the silicon nitride surface is presumably caused
by the loss of water around the portion of the polypeptide
backbone attached to the solid surface. During nonspecific
adsorption, it is likely that the BSA protein undergoes a
conformational transition from a large-volume hydrophilic

structure to a small-volume hydrophobic molecular structure.4,5,37

The hydrophilic structure is globular and highly hydrated,
whereas the hydrophobic structure is “adsorption competent”
and exhibits a smaller volume due to dehydrated groups in the
BSA protein.1,2,4,5,37 This process is entropically driven due to
the loss of structure (e.g., content of R-helix), which is triggered
by the modification of the stabilizing hydrophobic contacts in
the globular conformation in aqueous phase.9 Although we
observed that the amplitude of the long-lived current blockades
(e.g., nonfluctuating states) is between 100 and 400 pA, at a
transmembrane potential of +150 mV (Figure 2B, Figure 3,
Figure 5A), the two-state gating events (e.g., fluctuating states)
are often higher, in the range of 200-900 pA (Figure 5B;
Supporting Information, Figure S7). These values are consistent
with our interpretation, because a partially adsorbed BSA protein
is expected to have a larger accessible volume than a fully
adsorbed BSA protein (Figure 5).

BSA is a low-structural stability protein and generally tends
to adsorb onto a broad variety of solid-state surfaces.37 The
results obtained in this work confirm prior scanning electron
microscopy,30 ellipsometry,32 and interferometry33 studies of
BSA adsorption on silicon nitride surfaces. Micic and colleagues
have found that BSA in solution spontaneously adsorbed onto
the surface of silicon nitride cantilevers of the AFM tips.30 This
process continued until a uniform layer of proteins was formed
over the surface of the tip. In general, proteins adsorb onto SixNy

surfaces more readily than to stoichiometric nitride films.32

Because the BSA-nanopore interaction is a nonequilibrium
process, it would be instructive to assay macroscopic current
measurements on an array of nanopores38 fabricated in a silicon
nitride membrane. For example, individual long-lived bindings of
BSA to the SixNy surface, measured at the single-molecule level,
could be observed by continuous decay in the macroscopic current
flowing through the nanopore array. The rate of change of the
macroscopic current might provide information about the apparent
“adsorption” reaction rate constant. We anticipate that these kinds
of measurements will not only provide an estimate for the strength
of the protein-surface interaction, but will also illuminate the nature
of the adsorption process by revealing the experimental conditions
in which the adsorption rate is substantially altered.

In the past, locking a polymer into a single nanopore and
observing its partitioning into the nanopore interior,39,40 thermal
fluctuations,41 temperature-induced conformational alterations,42

and interactions with various ligands11,20,22,43-45 have been
pursued. Recently, Lin and colleagues were able to lock a single-
stranded RNA (ssRNA) molecule within the interior of the
R-hemolysin (RHL) protein pore to probe its helix-coil
transitions at the single-molecule level.46 Interestingly, they
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Figure 5. Diagrams show the proposed mechanism for the long-lived
protein captures. The upper panels indicate the position of adsorbed BSA
(red) within the nanopore interior (gray), in cross-section. (A) BSA is
attached within the interior of the nanopore, causing a long-lived current
blockade (middle panel) without additional long-lived current fluctuations
of the resulting current state. The short-lived current spikes were in a
submillisecond range. Twenty nanomolar BSA was added to the cis
chamber. (B) BSA is attached to the nanopore interior, but in a different
orientation than in (A). Additional current fluctuations occur (middle panel)
in which a movable “unattached” part of the BSA protein wiggles between
the nanopore interior and the aqueous phase, while the other end remains
attached to the SixNy surface of the nanopore interior. This results in a gating
of the current between the open and the partially occluded (closed) state
(Figure 4). The left-hand bottom panel presents an all-points amplitude
histogram of the trace in (A). The right-hand bottom panel is a dwell time
histogram of the trace in (B), with τoff-1 ) 240 ( 6.9 ms (P1 ) 0.70 (
0.02) and τoff-2 ) 3020 ( 730 ms (P2 ) 0.31 ( 0.04). 60 nM BSA was
added to the cis chamber. The fit was based upon a log likelihood ratio
(LLR) test,57,58 with a given confidence level of 0.95. The diameter of the
nanopore was 15 nm, as judged by the least-squares linear fit to an I-V
curve (Supporting Information, Figure S2). The other experimental condi-
tions were similar to those presented in Figure 2.
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observed a much slower kinetic rate, nearly 3 orders of
magnitude smaller than those rates measured in aqueous phase.
This result is somewhat counterintuitive, because the confine-
ment of biopolymers is known to catalyze their unfolding-folding
transitions.47,48 Their finding might be determined by other
experimental factors, such as the interaction of ssRNA with the
hydrophilic side chains of the interior of the RHL protein pore.
The paper of Lin and colleagues appears to share an approach
similar to the design of the experiments presented in this work.
For example, we are able to probe the nonspecific attachment
of a single BSA protein within the interior of a solid-state
nanopore and monitor conformational fluctuations of the
tether in real time using time-resolved, single-channel
electrical recordings.

The findings presented in this article suggest that caution must
be practiced in the sensing of polypeptides with solid-state
nanopores,16-18,24,49-54 in which there might occur various
nonspecific interactions of different domains of the translocating
proteins with the silicon nitride surface. One obvious way to
overcome this challenge is the functionalization of the surface
of the solid-state nanopore55,56 to prevent these long-lived
captures of single proteins into the nanopore interior.

In summary, we show that the BSA proteins interact strongly
with the SixNy-based nanopores. Certainly, more experimentation
is needed to decipher the different contributions to the adsorption
of BSA proteins onto the interior surface of the nanopore. For

example, the precise nature of the interaction between a BSA
molecule and the SixNy surface might be determined by obtaining
the enthalpic and entropic contributions to the kinetic and
thermodynamic constants, revealing information about which
process in protein adsorption onto an inorganic surface is
dominant. The long-lived captures differ in nature from the
short-lived current spikes, which are attributed to protein
excursions into the nanopore interior without a significant
interaction with the nanopore surface. Moreover, the absence
of transient BSA-induced current blockades with nanopores that
feature a diameter smaller than 8 nm indicates that the
hydrodynamic diameter of the BSA proteins, under the experi-
mental conditions employed in this work, is ∼8 nm. This finding
is in excellent agreement with prior experimental studies using
electrophoresis NMR23 and solid-state nanopores.16
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