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N
oncovalent molecular bond ener-
gies are in the range of several
kBT, such that thermal activation

plays a strong role in their strength and life-
time.1 Application of force to a bond tilts
the energy landscape along the force coor-
dinate, lowering the energy barrier height
and increasing the probability of dissocia-
tion. By measuring bond lifetime as the
force is varied, bond rupture energies and
lengths, and in some cases entire energy
landscapes, can be reconstructed.1,2 Over
the past two decades, a number of single-
molecule techniques have emerged which
measure rupture�force distributions or
force�lifetime relationships of bonds,
thereby providing details and mechanisms
of molecular interactions.3 The ability to de-
termine the strength of bonds between
probe and target molecules makes force
spectroscopy (FS) attractive as a highly spe-
cific molecular detection assay. Single-
molecule force spectroscopy provides
greater specificity in molecule recognition
by reporting not only binding but also de-
tails of the bond between probe and ana-
lyte, thus discriminating against signal from
nonspecific interactions. However, the cost,
throughput, and complexity of optical traps,
magnetic tweezers, and atomic force micro-
scopes (AFM) have limited their use prima-
rily to research applications.

Recently, we and others have estab-
lished the utility of nanopore-based force
spectroscopy (NFS) using �-hemolysin
pores.4�7 However, the fragility of the sup-
porting lipid membrane limits the range of
forces that can be applied, and the lack of
control over the pore geometry restricts the
range of molecules that can be tested. Here,
we present a robust, versatile solid-state
NFS implementation and use it to directly

measure the strength of bonds between
biological receptor molecules and their
ligands.

The operation and instrumentation of
NFS are greatly simplified compared to ex-
isting single-molecule technologies. Bond
strengths of molecular complexes are stud-
ied without the need for elaborate chemis-
tries to attach molecules to surfaces. The
bonds can be formed in free solution long
before the application of force, thus increas-
ing the likelihood that the deepest energy
minimum is reached before the pulling
force is applied.26 In addition, intricate
single-molecule manipulation steps are
eliminated since molecular complexes sim-
ply diffuse to the nanopore. Reporting is en-
tirely electrical, obviating the need for com-
plex and/or expensive optical components,
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ABSTRACT Weak molecular interactions drive processes at the core of living systems, such as

enzyme�substrate interactions, receptor�ligand binding, and nucleic acid replication. Single-molecule

force spectroscopy is a remarkable tool for revealing molecular scale energy landscapes of noncovalent

bonds, by exerting a mechanical force directly on an individual molecular complex and tracking its survival

as a function of time and applied force. In principle, force spectroscopy methods can also be used for highly

specific molecular recognition assays, by directly characterizing the strength of bonds between probe and

target molecules. However, complexity and low throughput of conventional force spectroscopy techniques

render such biosensing applications impractical. Here we demonstrate a straightforward single-molecule

approach, suitable for both biophysical studies and molecular recognition assays, in which a �3 nm silicon

nitride nanopore is used to determine the bond lifetime spectrum of the biotin�neutravidin complex.

Thousands of individual molecular complexes are captured and dissociated in the solid-state nanopore under

constant applied forces, ranging from 400 to 900 mV, allowing us to extract the location of the energy

barrier that governs the interaction, mapped at �x � 0.5 nm. These results highlight the capacity of a solid-

state nanopore to detect and characterize intermolecular interactions and demonstrate how this could be

applied to rapid, highly specific molecular detection assays.
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requiring only two electrodes to control the transmem-

brane potential and measure changes in ionic current

across the pore. These advantages make NFS well-

suited for a wide range of applications, including molec-

ular detection assays.

The method employs a nanometer-scale hole in

an insulating membrane (i.e., a nanopore) separat-

ing two reservoirs of electrolyte across which an

electric potential is applied. The resulting ionic cur-

rent flowing through the pore reports on the state of

the pore as open or blocked. In contrast to other FS

methods, quantization of ionic
current through the pore along
with steric hindrance to pore en-
try easily selects for single-
molecule events. The electric
field inside the pore, ranging
from 104 to 108 V/m, is used to
apply force to charged mol-
ecules that are electrophoreti-
cally inserted into the nanopore.
When the captured molecule is a
nucleic acid oligomer, the forces
applied are similar to most com-
mon FS techniques3 and can
range from 0.1 to 103 pN. Vari-
ous schemes can be designed to
accommodate probing of differ-
ent types of bonds, such as
DNA�DNA interactions for
genotyping applications,
DNA�protein binding strengths
for gene regulation studies, or
receptor�ligand interactions for
drug screening.

RESULTS AND DISCUSSION
To probe the strength of an

individual neutravidin�biotin
bond,9�13 biotin was covalently
linked to a 94 nucleotide (nt)
single-stranded DNA (ssDNA)
molecule which serves to pro-
vide the electrostatic force on
the bond. The bond between
neutravidin and the biotinylated
ssDNA is formed in free solution
well before the application of
force (see Methods). Individual
neutravidin�biotin�ssDNA
complexes are electrophoreti-
cally inserted from the cis side
of a �3 nm diameter silicon ni-
tride nanopore (see Methods).
The size of the neutravidin pro-
tein, ca. 5 nm in diameter,14 pre-
vents full translocation of the

complex so that only the ssDNA molecule threads
through the pore. The electric field within the pore
pulls on the charged ssDNA, applying a force to the
biotin�neutravidin bond. Under constant pulling
force, the receptor�ligand pair eventually dissoci-
ates and the biotinylated ssDNA molecule rapidly
translocates to the trans side of the nanopore while
the uncharged neutravidin diffuses away on the cis
side (as depicted in Figure 1a). We detect the capture
of individual complexes under force as a reduction in
ionic current and the return of the current to the open

Figure 1. (a) Schematic of the nanopore force spectroscopy scheme used to measure the
characteristic dissociation time scale for the neutravidin�biotin complex under constant pull-
ing force. (i) Open pore, (ii) a biotinylated ssDNA molecule coupled to neutravidin is electro-
phoretically inserted into the pore. The size of the neutravidin protein prevents full translo-
cation of the molecular complex. (iii) Electric field inside the pore pulls on the charged ssDNA,
eventually breaking the receptor�ligand bond. (iv) Biotinylated ssDNA molecule translo-
cates through to the trans side, while the neutravidin diffuses away from the pore on the cis
side. (b) Ionic current trace showing four consecutive receptor�ligand dissociation events of
varying duration. Experiments performed at room temperature, at �500 mV applied volt-
age, in 1 M KCl 10 mM HEPES buffered at pH 7.0. Current filtered at 1 kHz and sampled at
20 kHz. The ionic current is normalized to the average, open channel value. (c) Transmission
electron microscope (TEM) image of the �3 nm silicon nitride nanopore used for these experi-
ments. (d) Nanopore conductance as a function of time. The high stability of the nanopore
electrical characteristics enabled multiple force spectroscopy measurements to be repeated
over an extended period of time to ascertain the reproducibility of the data.
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channel state as a bond dissociation (see Figure 1b and

Supporting Information). We note that captured mol-

ecules could also conceivably escape from the pore

against the applied electric field, that is, back out to-

ward the cis side, and that current traces for such

events would appear similar to molecular complex

dissociation events. However, under the experimen-

tal conditions, escape events are extremely rare and

are not likely to be observed at all, as described in

the Supporting Information.

Bond rupture in our experiments is thermally ac-

tivated and therefore stochastic; we thus use the

characteristic time scale for the bond lifetime, rather

than an individual dissociation time, to characterize

the process. For every applied force (voltage), many

single-molecule events were timed and the corre-

sponding cumulative distribution of dissociation

times was calculated (Figure 2). This is the survival

probability of the bond as a function of time

(Psurvival(t)), that is, the likelihood that biotin is still

bound to neutravidin at time t after the ssDNA mol-

ecule is inserted into the pore. Measurements were

made at voltages ranging between �400 and �900

mV. We refer the reader to the Supporting Informa-

tion for histograms of ionic current levels for each

applied potential. As expected, the dissociation time

scale decreases with increasing force. To confirm

that event times were governed by neutravidin�

biotin dissociation, biotinylated ssDNA molecules

lacking neutravidin were driven through the pore

at similar voltages, resulting in events many orders

of magnitude shorter than those ensuing from the

complete complex (see Supporting Information).

The survival probability distributions plotted in Fig-

ure 2 do not decay exponentially with time. Similar non-

exponential kinetics has also been observed in DNA du-

plex dissociation.4,5,15 We have recently demonstrated

that subtle energetic perturbations (�2�5 kBT) can

have a profound impact on the kinetics of DNA mo-

tion through nanopores. This behavior is attributed to

variable DNA�pore interactions with the effect of sto-

chastically altering the energy barrier height from one

dissociation event to the next.16 Consequently, to ex-

tract characteristic dissociation time constants for the

neutravidin�biotin complex, we fit the survival prob-

ability distributions to stretched exponential functions,

of the form

where 0 � � � 1, and �0 (s) is a parameter with dimen-

sion of time. The term A accounts for a systematic er-

ror in detecting short events, due to detector band-

width limitations (4-pole Bessel filter set to 1 kHz). This

simple, yet versatile, decay function has been used to

describe phenomena ranging from luminescence de-

cay of fluorophores17 to single-molecule experiments of

DNA dissociation kinetics5,15 and protein conforma-

tional dynamics.18 Table 1 lists the values of the param-

eters used in each fit. Following Berberan�Santos et

al.,17 we derive the expectation value of the time scale

distribution from a stretched exponential survival prob-

ability distribution, given by

where � is the gamma function. This represents the

characteristic bond lifetime, which is related to the dis-

sociation energy barrier height by the Arrhenius

relationship.

We use this characteristic time constant to analyze

the relationship between dissociation time scale and

Figure 2. Cumulative distribution of dissociation times (i.e.,
survival probability) for biotin bound to neutravidin. The sur-
vival probability for an applied force of �400 mV (black
squares, 38 single-molecule events), �500 mV (red circles,
387 single-molecule events), �600 mV (green triangles,
92 single-molecule events), �700 mV (blue diamonds, 711
single-molecule events), �800 mV (magenta stars, 1049
single-molecule events), and �900 mV (oranges crosses,
830 single-molecule events) are shown. Events lasting longer
than 10 s are terminated by reversing the potential and are
not timed but are counted in the total number of events for
calculation of the survival probability. Similarly, events
shorter than 1 ms are counted but not timed. Solid gray lines
represent stretched exponential fits to the data from 0.001
to 10 s. Characteristic time scales from all fits obey
Kramers’ rule25 as the voltage is varied.

TABLE 1. Values of the Parameters Obtained from
Stretched Exponential Fits

applied
voltage (V) �0 (s) � Aa no. of events R2 ��	 (s)

0.4 6.03 0.57 0.95 38 0.9791 9.72
0.5 0.39 0.36 0.95 387 0.9990 1.87
0.6 0.051 0.42 0.98 92 0.9939 0.145
0.7 9.1 
 10�4 0.24 1.99 711 0.9992 0.0261
0.8 2.9 
 10�4 0.28 2.30 1049 0.9996 0.00372
0.9 5 
 10�5 0.26 3.17 830 0.9991 0.000930

aThe rise in A above 600 mV is a direct result of the lack of time resolution below 1
ms due to the detector bandwidth limitation.

Psurvival(t) ) A exp[-(t/τ0)R] (1)

〈τ〉 ) τ0Γ(1 + 1
R) (2)
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applied potential. Following Bell’s postulate19 later

adapted by Evans,20 we employ a model inspired by

Kramers’ theory to describe the dynamics of the ther-

mal dissociation of the receptor�ligand pair under con-

stant applied force:

where �D (s) is a diffusive relaxation time, Eb is the height

of the energy barrier in the absence of applied force;

�x (m) is the width of the energy barrier measured in

terms of separation of the ligand and receptor from

their equilibrium value. Beyond the separation distance

�x, the intermolecular attractive forces become less

than the applied force and the reaction becomes favor-

able. For a given energy barrier height, Eb, a longer en-

ergy barrier width, �x, will decrease the gradient of en-

ergy along the direction of separation and thus reduce

the bond strength; f(V) (N) is the applied force, directly

related to the applied voltage by

where z · e (C) is the effective charge of DNA inside the

pore (see Supporting Information), V (V) the applied

voltage, n the number of nucleotides in the pore, L (m)

the length of the pore such that n/L is the inverse of the

nucleotide spacing, that is (0.45 nm)�1.

Figure 3 shows data confirming the exponential

relationship between dissociation time scale and ap-

plied potential. The results reveal the large lifetime

spectrum expected for a bond sustained by weak

noncovalent interactions. By pulling on the

biotin�neutravidin bond at constant applied volt-

age, we directly probe the force-dependent lifetime

of the molecular complex. Our results are comple-

mentary, but not directly comparable, to previous

studies,13 which measured rupture�force distribu-

tions by ramping the force at constant pulling speed.

Using eq 4, we can convert the applied potential to

force,21 based on our previous estimate of the effec-

tive charge per nucleotide of 0.4e.16 We can then ex-

tract from Figure 3 the location of the prominent en-

ergy barrier that governs the strength of the

biotin�neutravidin bond. The slope of the solid

line in the biotin�neutravidin bond lifetime spec-

trum, defined as �x/kBT, infers the presence of an ac-

tivation barrier at �x � 0.5 nm along the direction

of force. The accuracy of �x will depend on the value

of the effective charge of DNA used and, to a lesser

degree, the direction of the force with respect to the

molecular reaction coordinate. However, we note

that this value is in agreement with previously re-

ported results on streptavidin and avidin,8,11 for

which the binding pockets are known to be chemi-

cally and structurally very similar.22

CONCLUSIONS
This work demonstrates the potential of solid-

state nanopore force spectroscopy as a technique

to characterize the strength of bonds between bio-

logical receptor molecules and their ligands. A simi-

lar method may be used to study various molecular

interaction systems, either taking advantage of the

native target sizes or attaching the targets to appro-

priately sized particles and tagging the probe to a

force-producing DNA polymer. We note that these

results were acquired over an extended period of

time (ca. 14 weeks) on a single nanopore, highlight-

ing the fact that solid-state nanopores can be suffi-

ciently robust for device integration and commercial

deployment.

Under the stable experimental conditions

achieved here, sufficient single-molecule events to

characterize neutravidin�biotin interactions can be

acquired in a few hours. Moreover, as demonstrated

in previous work with organic pores,5 these measure-

ments can be carried out in synchrony on arrays of

nanopores, yielding the same information as re-

peated single-molecule measurements in a fraction

of the timeOtypically minutesOand with no added

complexity to the instrumentation. This approach

can enable a high throughput, completely electronic

method for detection and identification of biomole-

cules, with higher stringency than a simple hybrid-

ization or binding assay.

Figure 3. Characteristic dissociation time scale for neutravidin�biotin
complexes as a function of the pulling force acting on the DNA strand.
The force scale in Newton (top x-axis) is calculated for a nucleotide spac-
ing of 0.45 nm and an effective charge of 0.4e. The solid line is an expo-
nential fit to the data. Error bars indicate standard error of measure-
ment, estimated using a bootstrap algorithm.

〈τ〉 ) τD exp[ Eb

kBT
- f(V)∆x

kBT ] (3)

f (V) ) z · e · n
L
· V (4)
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METHODS
Nanopore Fabrication. We fabricate pores with single-nanometer

precision by exposing a 50 
 50 �m, 30 nm thick free-standing
silicon nitride (SiNx) membrane supported on a Si chip (TEM win-
dow grid by SPI) to a tightly focused high energy electron
beam23 (FEI Tecnai G2 operated at 200 kV TEM). Prolonged irra-
diation (ca. 30 s) of the SiNx membrane with an electron beam fo-
cused to a spot of a few nanometers leads to the formation of a
hole via sputtering.

Protocols and Instrumentation. Prior to mounting the nano-
pore chips in solution, the chips are submitted to a strin-
gent cleaning procedure to render the surface hydrophilic
and facilitate wetting of the pore, ensuring a low 1/f noise
level.24 The nanopore chips are immersed in a 3:1 mixture of
concentrated sulfuric acid and hydrogen peroxide (piranha
solution) and kept at 95 °C for 30 min. The chips are then
thoroughly rinsed in filtered, degassed deionized water and
immediately mounted in the liquid cell containing filtered,
degassed 1 M KCl 10 mM HEPES buffered at pH 7.0. Nano-
pores mounted using this protocol present stable conduc-
tance for months.

A polytetrafluoroethylene cell was fabricated to mount the
nanopore chip between two liquid reservoirs. Custom-made Vi-
ton gaskets sandwich the chip to ensure a GigaOhm seal as de-
scribed in ref 24. Ag/AgCl electrodes immersed on both sides of
the pore are connected to a patch clamp amplifier (Axopatch
200B, Axon Instruments) to measure changes in ionic current
with picoamp sensitivity. The cell is placed in a Faraday enclo-
sure to reduce electrical noise.

Data Acquisition and Analysis. Data acquisition and measure-
ment automation were performed using custom-designed Lab-
VIEW software controlling a National Instruments PCIe-6251 DAQ
card to trigger the applied voltage on predetermined current
levels. Data were low pass filtered at 1 kHz using the Axopatch
200B 4-pole Bessel filter and sampled at 20 kHz. Data analysis
was carried out using custom-designed LabVIEW software to
measure the duration of each current blockade, as described in
the Results and Discussion.

Sample Preparation. 5=-Biotinylated oligonucleotides (94 nt
5=-poly(A)30-C-poly(A)29-C-poly(A)19-CCACCAACCAAACC-3=),
purified by ion exchange high pressure liquid chromatogra-
phy, were purchased from Integrated DNA Technologies.
Neutravidin proteins were purchased from Pierce (Thermo
Fisher Scientific Inc.). Neutravidin, a deglycosylated variant
of avidin, was chosen over avidin and streptavidin due to its
particular isoelectric point (pI) of �6.3  0.3, which mini-
mizes interactions with the electric field inside the pore un-
der our experimental conditions (pH 7.0). Biotinylated oligo-
nucleotides were mixed with neutravidin proteins in a 1:1
ratio at 10 �M concentration in 1 M KCl 10 mM HEPES pH7.0.
Coupling between the two molecules was carried out at
room temperature for 1 h before storing the working solu-
tion at �20 °C. An aliquot of the working solution is removed
from the freezer on the day of each experiment. Sample con-
centrations of 20 or 100 nM were used for the different
experiments.
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