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Real-time shape approximation and ﬁngerprinting
of single proteins using a nanopore
Erik C. Yusko1†, Brandon R. Bruhn1†, Olivia M. Eggenberger1,2, Jared Houghtaling1,2, Ryan C. Rollings3,
Nathan C. Walsh3, Santoshi Nandivada3, Mariya Pindrus4, Adam R. Hall5, David Sept1,6, Jiali Li3,
Devendra S. Kalonia4 and Michael Mayer1,2,7*
Established methods for characterizing proteins typically require physical or chemical modiﬁcation steps or cannot be used
to examine individual molecules in solution. Ionic current measurements through electrolyte-ﬁlled nanopores can
characterize single native proteins in an aqueous environment, but currently offer only limited capabilities. Here we show
that the zeptolitre sensing volume of bilayer-coated solid-state nanopores can be used to determine the approximate
shape, volume, charge, rotational diffusion coefﬁcient and dipole moment of individual proteins. To do this, we developed
a theory for the quantitative understanding of modulations in ionic current that arise from the rotational dynamics of
single proteins as they move through the electric ﬁeld inside the nanopore. The approach allows us to measure the ﬁve
parameters simultaneously, and we show that they can be used to identify, characterize and quantify proteins and protein
complexes with potential implications for structural biology, proteomics, biomarker detection and routine protein analysis.

M

ethods to characterize and quantify unlabelled, folded proteins in aqueous environments and on a single-molecule
level do not currently exist1. If available, such methods
could enhance routine protein analysis, enabling rapid and sensitive
biomarker detection2, and allowing the analysis of personal proteomes3. Furthermore, if these methods could provide lowresolution approximations of shape, volume and dipole moment,
they could help to reveal the conformation of transient protein
complexes or large assemblies that are not accessible by electron
microscopy, NMR spectroscopy, X-ray crystallography or smallangle X-ray scattering4.
Despite the pioneering work by Oncley5, dipole moment has
mostly been neglected as a protein descriptor and existing
methods for determining protein dipole moments are tedious and
limited to ensemble measurements. The dipole moment could,
however, provide a powerful dimension for label-free protein analysis since absolute values range from zero to several thousand Debye
among different proteins and are not correlated with protein size or
charge6. Furthermore, the pharmaceutical industry is increasingly
recognizing the importance of dipole moment for antibody formulations7, in part because subcutaneous injection of highly concentrated solutions of monoclonal antibodies (the fastest growing
class of therapeutics) can be impractical due to high viscosity and
aggregation resulting from dipole alignment7–9.
Nanopores can be used to interrogate single proteins. The
approach requires a single electrolyte-ﬁlled pore in a thin insulating
membrane that connects two solutions and can serve as a conduit
for ions and proteins (Fig. 1a)10,11. Electrodes connect the solutions
on both sides of the membrane to a high-gain ampliﬁer that applies
a constant electric potential difference, while measuring the ionic
current through the nanopore. This arrangement ensures that the

applied voltage drops almost entirely within the pore, rendering
this zone sensitive to transient changes in its ionic conductivity.
Consequently, each protein that is driven electrophoretically
through the pore displaces conductive electrolyte, distorts the
electric ﬁeld and reduces the ionic current through the pore12,13.
If the volume of the electrolyte-ﬁlled pore is sufﬁciently small compared with the volume of the particle, then the change in ionic
current due to the translocating particle is measurable and characterized by its magnitude, ΔI, and duration, td (refs 12,14 15–17);
this current signature is referred to as a resistive pulse. In addition
to its sensitivity to conductivity changes, this small volume transiently separates single proteins from other macromolecules in
solution. As we report here, this allows the rotational dynamics of
individual proteins to be interrogated and interpreted based on
time- and orientation-dependent modulations of ionic current
(Fig. 1b–e, Supplementary Notes 1–6 and Supplementary Figs. 1–9).
Several groups have recently considered, in qualitative terms, the
effect of a protein’s14,16,18–21 or nanoparticle’s12,22 shape when analysing distributed ΔI signals23 and also the effect of a protein’s dipole on
its translocation through an α-hemolysin pore in the presence of an
a.c. ﬁeld24. We have now developed a quantitative understanding of
the dependence of measured ΔI values on the volume, shape,
dipole moment and rotational diffusion coefﬁcient of a protein
inside a cylindrical nanopore, which makes it possible to estimate
these parameters from resistive pulses (Supplementary Fig. 10).
With further improvements, the ability to analyse individual proteins
should mean the approximate shape of the protein, or the other four
parameters, can be determined in mixtures of proteins without puriﬁcation; existing methods for determining the shape or structure of
proteins either require puriﬁed, concentrated, or crystallized protein
samples or the protein dynamics cannot be examined.
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Figure 1 | Rotational dynamics of individual proteins inside a nanopore reveal a spheroidal approximation of the protein’s shape m. a, Set-up to
measure resistive pulses from the translocation of individual proteins. PDMS, polydimethylsiloxane. b, Top and side views of a nanopore illustrating the
two extreme orientations of a spheroidal protein that is anchored to a ﬂuid lipid coating on the pore wall. A crosswise orientation disturbs the ﬁeld lines
inside the pore more than a lengthwise orientation due to the angle-dependent electrical shape factor γ (ref. 27). All nanopores used in this work were
longer than the size of the translocating proteins and the nanopore geometry was approximated as cylindrical. c, Electrical shape factor γ of spheroids
(prolates in blue curves and oblates in red curves) as a function of their aspect ratio, m, for two extreme orientations: when the angle, θ, between the axis
of rotation of the ellipsoid relative to the electric ﬁeld E is 0, that is, θ = 0 (solid curves), and when θ = π/2 (dashed curves). For reference, a sphere has a
m value equal to 1, and an electrical shape factor γ of 1.5 that is independent of its angle θ (grey line)13,26–28. d, Electrical shape factor γ as a function of θ for
prolates with a deﬁned m value of 2.5 and oblates with a m value of 0.4. e, Bimodal probability distribution of electrical shape factors, p(γ), for spheroids
without a dipole moment μ as predicted by Golibersuch (black curve)13 and for spheroidal proteins with a dipole moment of 500 and 1,500 Debye pointed
parallel to the longest axis of the protein (dashed curves). For the different magnitudes of the dipole moment, the energy difference between θ = 0 and
θ = π/2 is listed in units of kBT (where kB is Boltzmann’s constant and T is temperature) for a typical electric ﬁeld of 2 × 106 V m−1. See Supplementary
Notes 2 and 9 for details.

Theory of spheroids rotating in an electric ﬁeld
The main concept underlying the analysis introduced in this work is
that rotation of a single non-spherical object during translocation
through a cylindrical nanopore25 modulates the current reduction
through the pore and that these modulations can be used to
determine the orientation, approximate shape and volume of the
object in the pore (Fig. 1b–e). In the context of this work, we
approximate the shape of proteins m with the axis ratio of a spheroid:
m = A/B (Fig. 1c).
Particle orientation. Golibersuch13 and others26,27 demonstrated
theoretically on ideal spheroids and experimentally on red blood
cells that a crosswise orientation of an oblate or prolate distorts
the electric ﬁeld along a tube more dramatically than a lengthwise
orientation (Fig. 1b). In the context of current recordings through
a nanopore this means that the particle-induced blockade of
current, ΔI, is maximal when the spheroidal particle is in its
extreme crosswise orientation and minimal in the extreme
lengthwise orientation. As shown in Fig. 1c–e, Fricke28 and later
Velick and Gorin29 as well as Golibersuch13 quantiﬁed these
effects with an electrical shape factor γ, which is determined by
the particle shape m and directly proportional to the current
reduction ΔI (Supplementary Note 2).
2

The black curve in Fig. 1e shows that for randomly rotating spheroids, the two extreme electrical shape factors γmin and γmax are most
probable because γ is less angle-dependent near the extreme lengthwise and crosswise orientations than in intermediate orientations (see
Supplementary Note 2 for details). This U-shaped probability distribution of γ means that the translocation of randomly rotating spheroidal proteins through a uniform electrical ﬁeld in a cylindrical
nanopore should result in a distribution of ΔI values with two
maxima, one corresponding to ΔI(γmin) and one to ΔI(γmax). In contrast, spherical proteins, with a γ value of 1.5 that is independent of
orientation, should result in normal distributions of ΔI values.
Particle shape and volume. When comparing the translocation of
two oblates of equal volume but different shape, the particle
deviating most from a perfect sphere (that is, the ﬂatter oblate)
distorts the ﬁeld lines more dramatically in a crosswise orientation
and less dramatically in a lengthwise orientation than the rounder
object in these two orientations (Fig. 1c). In contrast, when
comparing two particles with the same shape but different
volume, both the orientation-dependent minimal and maximal
current reductions have larger magnitudes for the larger particle
compared with the smaller one. In other words, particles with
increasingly non-spherical shapes result in a more extreme ratio
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strong correlation between the charge from nanopore experiments
and reference values for the charge of each protein (Pearson correlation coefﬁcient r = 0.95, see Supplementary Fig. 11).
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Figure 2 | Three different strategies of anchoring proteins to the lipid
coating used in this work to slow down translocation such that rotational
diffusion of the proteins could be resolved in time. A lipid anchor with a
biotin group selectively captured anti-biotin immunoglobulin G1 (IgG1)
antibodies and Fab fragments, an intrinsic glycosylphosphatidylinositol (GPI)
anchor captured acetylcholinesterase (AChE), and a bifunctional aminereactive crosslinker provided a general strategy to attach proteins of interest
covalently to ethanolamine lipids in the bilayer coating. All proteins analysed
in this work were tethered with a phospholipid anchor to the bilayer by one
of these three strategies. These tethers were sufﬁciently long (≥1.5 nm in
their extended conformation) and ﬂexible (≥12 σ-bonds) and nanopore
diameters were at least twice the volume-equivalent spherical diameter of
the examined proteins, such that the proteins were able to rotate and
sample all possible orientations. L-LDH, L-lactate dehydrogenase.

between the current blockage in their crosswise versus lengthwise
orientation, while particles with increasing volumes result in
larger magnitudes of all current reductions.

Tethering proteins enables determination of their charge

To obtain time-resolved values of ΔI from the translocation of single
proteins, we slowed down translocation by tethering proteins to a
lipid anchor that was embedded in the ﬂuid lipid bilayer coating of
the nanopores (Figs 1b and 2; see Supplementary Notes 4 and 7 for
a detailed discussion on the effects of lipid tethering and the point
of attachment)16,21,30. In this way, the speed of protein translocation
was dominated by the two orders of magnitude higher viscosity of
the lipid coating compared with that of the aqueous electrolyte. In
addition, we maximized the possibility that the proteins could
rotate and sample all orientations in the nanopore by employing
long and ﬂexible tethers (Fig. 2). Finally, the lipid coating minimized
non-speciﬁc interactions between proteins and the pore wall16, thus
enabling extraction of quantitative data on Brownian rotational and
translational dynamics of proteins while they were in the pore31.
For instance, we took advantage of the resulting translocation times
to determine the net charge of all ten proteins studied and found a

To determine the approximate shape and volume of proteins, we developed two strategies based on the theory developed by Fricke28, Velick
and Gorin29 and Golibersuch13 (Fig. 1c–e and Supplementary Fig. 12).
Both strategies approximate the shape of proteins with a spheroid in a
cylindrical pore (Supplementary Fig. 13) and have different strengths
and weaknesses as demonstrated in Figs 3 and 4.
The ﬁrst strategy estimates shape and volume from distributions of
maximum ΔI values from many translocation events that were
obtained from a pure protein sample. In other words, only the peak
value of ΔI from each resistive pulse is used for analysis. Maximum
ΔI values have been employed in almost all nanopore-based resistive
pulse analyses of protein volume to date combined with the assumption of a perfectly spherical particle shape (that is, m = 1 and
γ = 1.5), thereby forgoing the opportunity to evaluate protein shape
and introducing error for particles that deviate from perfect
spheres13. In contrast, we demonstrate here that Golibersuch’s
approach to determine the shape of cells and microparticles13 can be
adopted to approximate the shape of protein molecules.
Determining the shape and volume of spheroids from distributions
of maximum ΔI values proceeds in three steps; Fig. 3 shows the results
from each step (see Supplementary Note 2 and Supplementary Figs 5–8
for details). First, an algorithm detects resistive pulses from the
translocation of hundreds to thousands copies of the same protein
and determines the maximum amplitude of the current modulation,
ΔI, with respect to the baseline current for each pulse (Fig. 3a,b).
As predicted theoretically in Fig. 1c–e, the resulting distribution
of maximum ΔI values is either normal for spherical proteins
(Fig. 3c) or bimodal for non-spherical proteins (see Fig. 3d–f and
Supplementary Fig. 6 and Supplementary Note 2). Second, to circumvent binning effects encountered with probability distributions16, the
experimentally determined distribution of ΔI values is converted to
an empirical cumulative density function, CDF (Fig. 3c,d, insets),
and ﬁt iteratively with an equation that describes the variation in ΔI
due to rotation of proteins with non-spherical shape inside a cylindrical
nanopore (Supplementary Note 2, Supplementary equation 13a,b). We
refer to this equation as the convolution model since it also accounts for
broadening of the ΔI distribution due to convolution of the true signal
with noise (Supplementary Fig. 5) and for bias towards either the crosswise or lengthwise orientation as a result of the electric-ﬁeld-induced
torque on the protein’s dipole moment (Supplementary Note 9)32.
The bias in a distribution of maximum ΔI values, however, may also
be affected by other factors than the dipole moment (as discussed in
Supplementary Note 2), which are all accounted for by the same
ﬁtting parameter. The values of ΔI(γmin) and ΔI(γmax) returned by
the ﬁtting procedure reﬂect the two extreme orientations of the
protein (red dashed curves in Fig. 3d–f). Third, based on the direct proportionality between ΔI and γ and the geometrical relationship
between γ and the length-to-diameter ratio m of a spheroid
(Supplementary Note 2, Supplementary equations 1 and 4–7), we
determine the shape and volume that agree best with the experimental
distribution of ΔI values for the protein.
Figure 3g shows the spheroidal approximation of the shape of ten
different proteins compared with the respective crystal structure for
each protein, illustrating that this analysis yields excellent estimates
of protein shape, particularly for proteins that closely resemble a
spheroid. Figure 3h,i, for instance, shows that the volume and m
values agree well with the expected reference values; the average
deviation of both parameters is less than 20% (Supplementary
Tables 1–4 and Supplementary Fig. 14 show the results of this analysis as well as reference values). These results also show that two proteins with a similar molecular weight and volume but different
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Figure 3 | Determination of approximate protein shape and volume from histograms of maximum ΔI values from resistive pulse recordings. a,b, Examples
of original current traces as a function of time: upward spikes indicate individual resistive current pulses towards zero current due to the translocation of
single streptavidin (a) or IgG (b) proteins. Resistive pulses marked by an asterisk are shown in detail above. c–f, Histograms of maximum ΔI values from
resistive pulse recordings with streptavidin (c), IgG1 (d), GPI-AChE (e) and G6PDH (f) proteins. Black curves show the solution of the convolution model,
p(ΔI), after a nonlinear least-squares ﬁtting procedure, and red dashed curves show the estimated distribution of ΔI values due to the distribution of
electrical shape factors, p(ΔIγ ). Supplementary Table 1 lists the values of all ﬁtting parameters and the electric ﬁeld strength used in each experiment.
Supplementary Note 2 and Supplementary Figs 5–7 explain the convolution model and ﬁtting procedure in detail and extend the analyses to all proteins
characterized in this work. g, Comparison of the approximate shape of ten proteins as determined by analysis of resistive pulses (blue spheroids) with crystal
structures from the Protein Data Bank in red (streptavidin, 3RY1; anti-biotin immunoglobulin G1 , 1HZH; GPI-anchored acetylcholinesterase, 3LII; anti-biotin
Fab fragment, 1F8T; β-phycoerythrin (β-PE), 3V57; glucose-6-phosphate dehydrogenase (G6PDH), 4EM5; L-lactate dehydrogenase (L-LDH), 2ZQY; bovine
serum albumin (BSA), 3V03; α-amylase, 1BLI; and butyrylcholinesterase (BChE), 1P0I). h, Comparison of the measured volume by nanopore-based analysis
with the expected reference volume. i, Comparison of the measured length-to-diameter ratios m of all proteins with the expected reference values of m.
Error bars in h,i represent the standard deviation in most probable values from experiment-to-experiment or day-to-day.

shape are clearly distinguishable by this analysis; for instance,
compare the ellipsoids determined for the IgG1 antibody and
GPI-AChE in Fig. 3g (see also Supplementary Figs 15 and 16)23.
We propose that protein shape m is an excellent protein descriptor
that is not correlated with protein size or charge (Supplementary
Note 8 and Supplementary Figs 17–19).
As opposed to this ﬁrst strategy, which analyses maximum ΔI
values from many translocation events, the second strategy makes
it possible to estimate the shape and volume of single proteins
from individual resistive pulses by analysing all current values
from the beginning to the end of individual translocation events,
ΔI(t) (Fig. 4a). This analysis relies on a single translocating
protein to rotate and sample virtually all orientation-dependent γ
4

values such that the resulting single-event, or intra-event ΔI distribution, reveals ΔI(γmax) and ΔI(γmin) and thereby the protein’s
spheroidal shape approximation and its volume. Another advantage
of this strategy is that it can also determine the protein’s rotational
diffusion coefﬁcient and dipole moment from individual resistive
pulses based on orientation-dependent modulations in current
over time (Fig. 4e,f ). In fact, estimates of all four parameters can
be determined and updated in real time as a single protein travels
through the pore (Supplementary Fig. 10). The disadvantage of
this simultaneous multiparameter analysis from single molecules
is that the analysis was limited to the approximately 10% of resistive
pulses, which lasted at least 400 μs to ensure sampling of the full
range of electrical shape factors γ. We chose this duration based
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(see Supplementary Note 6 for details). d, Comparison of the approximate shape of proteins as determined by analysis of individual resistive pulses (blue)
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agree well with the expected reference values. The signal-to-noise ratio for G6PDH, L-lactate dehydrogenase and bovine serum albumin was too small to
determine accurate values of DR. Error bars in e,f represent the standard deviation in most probable values from experiment-to-experiment.
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400 μs as long as its rotational diffusion coefﬁcient exceeds 3,000
rad2 s−1 (Supplementary Table 4).
Figure 4 shows estimates of the shape and volume of proteins
obtained from ﬁtting distributions of intra-event ΔI(t) values from
individual resistive pulses with the convolution model in the same
way as the distributions of maximum ΔI values from hundreds of
pulses (Supplementary Note 6 and Supplementary Fig. 20). We ﬁnd
that these intra-event ΔI distributions retain their key features (for
example, minimal and maximal ΔI values) despite smoothing of the
current recordings due to ﬁltering (Supplementary Fig. 21). The
median protein shapes obtained from this analysis are in reasonable
agreement with their crystal structure (Fig. 4d), although the analysis
of maximum ΔI values yielded more accurate shapes (Fig. 3g,i and
see Supplementary Notes 2 and 6 for discussion). With regard to the
robustness of each stand-alone single-molecule measurement,
more than half of all measurements yielded values of protein shape
m and volume Λ that were within ±35% of the median value
(Supplementary Fig. 20), indicating that intra-event analysis has the
potential to yield good estimates of shape and volume of single proteins
from individual translocation events. Moreover, this strategy of analysing intra-event ΔI distributions introduces the ﬁrst method for estimating, in real time, the shape and volume of single protein molecules in
situ. This capability is particularly advantageous for analysis of protein
samples with large heterogeneity in size and shape (such as amyloids);
ensemble methods such as dynamic light scattering are not well suited
for such samples21. Other techniques for analysing the shape and
volume of single proteins such as cryo-electron microscopy and
atomic force microscopy either require freezing or surface immobilization that ﬁxes the orientation of the proteins; therefore, these
methods are not well suited for tracking protein dynamics.

Current ﬂuctuations reveal rotational diffusion of proteins

300
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0
G6PDH
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From intra-event
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Independent
experiments

Figure 5 | Fingerprinting of individual translocation events permits
identiﬁcation and characterization of G6PDH and a G6PDH–IgG complex
from a binary mixture. a, The volume, Λ, and approximate shape of G6PDH
(left) and the G6PDH–IgG complex (right) as determined by analysis of
individual resistive pulses is similar to the crystal structures in red. Blue
spheroids show the median values of m and Λ determined from single-event
analyses and classiﬁcation of each event. b, Values for the volume, rotational
diffusion coefﬁcient and dipole moment determined from individual events. The
kmeans clustering algorithm in MATLAB classiﬁed single events as
corresponding to a single G6PDH (red points) or to the G6PDH–IgG complex
(grey points) (see Supplementary Note 8 and Supplementary Fig. 22). This
single-event classiﬁcation estimated that 28% of events were due to the
complex, which is nearly the same proportion of events estimated to be in the
complex based on analysis of maximum ΔI values from distributions of
hundreds of resistive pulses (Supplementary Fig. 22). c, The volume of G6PDH
and the G6PDH–IgG complex determined by single-event analysis and
classiﬁcation of events from the mixture are nearly identical (<10% deviation)
to the sum of volumes obtained for G6PDH in an experiment without antiG6PDH IgG and the volume of an individual IgG. Error bars represent the
standard error of the median volume value (Supplementary Note 8).

on the mean-square angular displacement equation that predicts a
tethered protein will sample all possible orientations in less than
6
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Figure 4 shows that monitoring the time-dependent modulations of
ΔI while a single particle moves through a nanopore makes it possible
to measure its rotational diffusion coefﬁcient, DR , by tracking its
rotation over short timescales and therefore over small ﬂuctuations in
angle (Supplementary Notes 6 and 7 and Supplementary Figs 22–24).
We carried out this analysis in three steps by transforming the
intra-event current signal into an angle (that is, orientation) versus
time curve (Supplementary Note 6), calculating the mean-square
angular displacement over various time intervals, τ, and ﬁtting its
initial slope with a model for rotational diffusion about a single
axis (Fig. 4c). Figure 4f shows that the most probable DR values for
tethered proteins obtained from many intra-event analyses of individual resistive pulses were strongly correlated with the expected values
of DR in bulk solution (Pearson’s r = 0.93). The resulting functional
relationship makes it possible to estimate bulk DR values from translocations of single proteins through nanopores in less than a millisecond. As expected, the presence of the lipid tether and close proximity
of the proteins to the bilayer coating reduced DR signiﬁcantly33,34; this
tether-induced attenuation of rotation was consistent with an
apparent increase in viscosity η by a factor of 210 compared with
the viscosity in bulk solution (Supplementary Fig. 22). This value is
in excellent agreement with ﬂuorescence polarization measurements
of GPI-anchored AChE by Yuan and Axelrod, which revealed that the
rotational diffusion coefﬁcient of lipid-tethered AChE was 200 times
smaller than its expected value in bulk solution35. Thus for analysing
the rotational dynamics of single proteins in real time as introduced
here, this tether-induced reduction of DR was beneﬁcial as it enabled
changes in protein orientation to be resolved in time (Supplementary
Figs 10 and 21).
With regard to the robustness of these measurements, we found
that, on average, the relative standard deviation of the most probable
value of DR from distributions of measured single molecule values
was 46% from experiment-to-experiment; however, as is typical
for many single-molecule measurements, the variation from
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event-to-event was large with a mean absolute deviation of 400%
(Supplementary Fig. 22).

Bias in protein orientation reveals its dipole moment
Monitoring the rotational dynamics of proteins at long timescales
and hence over large changes in angle shows theoretically
(Fig. 2c) and experimentally (Fig. 4c,e) that proteins with a dipole
moment do not rotate randomly when they experience the MV
m−1 electric ﬁeld intensity inside the pore; instead, the proteins
undergo biased Brownian rotation due to electric-ﬁeld-induced
torque on their dipole moment5. Quantifying this bias in orientation
by ﬁtting the intra-event ΔI distribution from an individual resistive
pulse with the convolution model made it possible to calculate a
protein’s dipole moment μ by considering the potential energy landscape of a dipole in an electric ﬁeld (Fig. 4b; and see Supplementary
Notes 2, 6 and 9 and Supplementary Figs 25 and 26).
Figure 4e shows that the most probable values of dipole moment
from this nanopore-based analysis agree well with expected values;
the average deviation is less than 25%. With regard to the robustness
of this method from experiment-to-experiment, the relative standard deviation of the most probable value from distributions of
measured single-molecule values was 12% and compares well with
dielectric impedance spectroscopy measurements7; however, the
variation from event-to-event was large with a mean absolute
deviation of 230% (Supplementary Fig. 25).
While the uncertainty in each stand-alone single-molecule
measurement of dipole moment will have to be reduced in order
to realize the full potential of this approach, this technique introduces the ﬁrst experimental method for determining the dipole
moment of individual proteins in situ. To this end, it exploits a fundamental advantage of single-molecule techniques, namely that
statistical ﬂuctuations of one particle are easier to interpret and to
compare with theoretical models than it would be of an ensemble
of particles. An additional advantage of this single-particle analysis
is that it can estimate dipole moments in real time (Supplementary
Fig. 10) and requires only pico- to nanomolar concentrations of proteins. In contrast, the standard method for measuring dipole
moment, dielectric impedance spectroscopy, requires micromolar
protein concentrations and signiﬁcantly larger sample volumes7.
We propose that dipole moments are excellent orthogonal protein
descriptors since they are widely distributed among different proteins and not correlated with protein volume or charge
(Supplementary Figs 17–19).

Simulations conﬁrm the feasibility of the approach
We conﬁrmed the accuracy of these two approaches for multiparameter determination with simulated data that were generated from
the theory of biased one-dimensional Brownian diffusion and convolved with current noise. Fitting either maximum ΔI data from
many simulated events or ΔI(t) data from individual simulated
events with the convolution model returned values of volume,
shape, dipole moment and rotational diffusion coefﬁcient that were
in excellent agreement with the input parameters for the simulation
(Supplementary Note 5 and Supplementary Figs 10–14). These
purely theoretical results provide strong complementary evidence
for the effectiveness of the analysis methods developed in this work.

Multiparameter analysis improves protein classiﬁcation
To assess the potential of nanopore-based identiﬁcation and characterization of different proteins in a well-deﬁned mixture, we repeated the
characterization of glucose-6-phosphate dehydrogenase described in
Fig. 3f and added a polyclonal anti-G6PDH IgG antibody. Thus, in
the same experiment, single proteins of G6PDH and protein–protein
complexes of G6PDH–IgG were passing through the nanopore.
Analysis of intra-event ΔI distributions from individual resistive
pulses returned an estimate of the volume, shape, charge, rotational
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diffusion coefﬁcient and dipole moment for single particles passing
through the pore. Figure 5 shows that this multiparameter–ﬁngerprinting approach made it possible to distinguish G6PDH from the
G6PDH–IgG complex by using a clustering algorithm to classify
each translocation event (Fig. 5b; and see Supplementary Note 8 and
Supplementary Fig. 30 for details)21. This analysis returned excellent
estimates of the size and shape of G6PDH and the G6PDH–IgG
complex (Fig. 5a,c). In contrast, employing the current standard practice of distinguishing proteins by the ΔI values and translocation times
of individual resistive pulses36 underestimated the amount of the
G6PDH–IgG complex formed by 90% and overestimated its volume
by 70% (Supplementary Note 8). This analysis, therefore, provides
proof of principle for nanopore-based characterization, identiﬁcation
and quantiﬁcation at the single-protein level in a well-deﬁned binary
mixture and demonstrates the advantage of simultaneous multiparameter characterization for identifying individual proteins or protein–
protein complexes over single-variate or bi-variate characterization.

Conclusions
Based on the progress in nanopore-based DNA sequencing in the
past 20 years3,37,38, we predict that improvements to the approach
introduced here will further increase the potential of simultaneous,
nanopore-based characterization of multiple protein descriptors on
a single-molecule level39. For instance, the single-event (intra-event)
analysis probably suffers from deviations in the pore geometry from
a perfect cylinder. These irregularities, which are a consequence of
the current state-of-the-art fabrication methods, affect the local
resistance along the lumen of the pore and hence affect the precision
with which the maximum and minimum ΔI value can be determined. Novel fabrication methods such as He-ion beam fabrication
produce pores that are almost perfectly cylindrical and should therefore minimize possible artifacts from this source of error40. In
addition, the recent development of integrated CMOS current
ampliﬁers41, which can be produced in parallel to record from hundreds of nanopores simultaneously while reaching at least ten-times
higher bandwidth and three-times higher signal-to-noise ratio compared with the ampliﬁer used in this work41, will increase the
throughput and improve the precision and accuracy of determining
the rotational dynamics of proteins on their journey through the
pore. Such fast ampliﬁers may eliminate the need for tethering proteins to lipid anchors30 while their improved signal-to-noise ratio
combined with the recent development of low-noise nanopore
chips42 is likely to reduce the uncertainty in each determined parameter41,43. Furthermore, computational approaches that can
model proteins with shapes more complex than simple spheroids44
may increase the resolution of shape determination, while the capability to monitor current modulations with MHz bandwidths30,41
may open up the possibility to follow transient changes in protein
conformation and folding as well as to determine the shape of
short-lived protein complexes whose structure and dynamics are
not accessible by existing techniques.
We suggest that the ability to measure ﬁve parameters simultaneously on single proteins in real time, including parameters that
can otherwise not be obtained on a single-molecule level, has transformative potential for the analysis and quantiﬁcation of proteins as well
as for the characterization of nanoparticles and nanoparticle assemblies. For instance, fast protein identiﬁcation and quantiﬁcation in
complex mixtures is an unsolved problem2. Despite its tremendous
capabilities, at present, mass spectrometry has currently limited
throughput and is not broadly applicable to meet demand for
routine protein analysis1,2. Two-dimensional gel electrophoresis
remains one of the most important techniques for analysing complex
protein samples, but its reproducibility is limited, and the method is
slow and semi-quantitative. We propose that the work presented has
the potential to replace methods such as 2D gel electrophoresis by providing additional protein descriptors, improved quantiﬁcation and
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reduced analysis time — although signiﬁcant challenges will have to be
addressed before resistive pulses from complex mixtures of small and
large proteins can be interpreted. If these challenges can be met,
then multiparameter characterization of single proteins in real time
may ultimately reveal biochemically or clinically relevant static or
dynamic heterogeneities (such as phosphorylations)45, allow monitoring an individual’s proteome1 and enable single-molecule sorting.

Methods
Methods and any associated references are available in the online
version of the paper.
Received 9 November 2015; accepted 3 November 2016;
published online 19 December 2016
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Methods

Materials. All phospholipids were obtained from Avanti Polar Lipids. Bis
(succinimidyl) penta(ethylene glycol) (21581) was purchased from Thermo
Scientiﬁc. Monoclonal anti-biotin IgG1 (B7653), polyclonal anti-G6PDH IgG,
(A9521), GPI-anchored acetylcholinesterase (C0663), glucose-6-phosphate
dehydrogenase (G5885), L-lactate dehydrogenase (59747), bovine serum
albumin (A7638), α-amylase (A4551) and streptavidin were purchased from
Sigma Aldrich. Polyclonal anti-biotin IgG-Fab fragments (800-101-098)
were purchased from Rockland and β-phycoerythrin (P-800) was purchased
from Life Technologies.
Methods of nanopore-based sensing experiments. To sense proteins, we ﬁrst
formed a supported lipid bilayer containing either 0.15 mol% 1,2-dipalmitoylsn-glycero-3-phosphoethanolamine-N-capbiotinyl (biotin-PE) lipids or 1 mol%
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) lipid in a
background of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids
(Avanti Polar Lipids). We described details of the bilayer formation in ref. 16. The
dimensions of all nanopores are shown in Supplementary Fig. 31. When biotin-PE
lipids were present in the bilayer, we added a solution containing anti-biotin IgG1 ,
Fab, or GPI-anchored acetylcholinesterase to the top solution compartment of the
ﬂuidic set-up such that the ﬁnal concentration of protein ranged from 5 pM to 10
nM. When sensing GPI-anchored acetylcholinesterase, we started recording resistive
pulses after incubating the bilayer-coated nanopore for 1 h with GPI-anchored
acetylcholinesterase (where the solution was 150 mM KCl, 10 mM HEPES,
pH = 7.4) to allow time for the GPI-lipid anchor of the protein to insert into the ﬂuid
lipid bilayer coating. When POPE lipids were present in the bilayer, we ﬁrst dissolved
bis(succinimidyl) penta(ethylene glycol), a bifunctional crosslinker, in a buffer
containing 2 M KCl and 100 mM KHCO3 (pH = 8.4) and immediately added this
solution to the top compartment of the ﬂuidic set-up such that the ﬁnal
concentration of crosslinker was 10 mg ml–1. After 10 min, we rinsed away excess
crosslinker and subsequently added β-phycoerythrin, glucose-6-phosphate
dehydrogenase, L-lactate dehydrogenase, bovine serum albumin, α-amylase, or
butyrylcholinesterase dissolved in the same buffer as the preceding step to the top
compartment such that ﬁnal protein concentration ranged from 1 to 3 μM. After at
least 30 min, we rinsed away excess protein and began recording. Therefore,
depending on the interaction between the protein of interest and its lipid anchor, the
limit of detection of this method ranged from low picomolar to low micromolar
concentrations, corresponding to a total protein amount of 10−16 to 10−10 moles;
these minimal concentrations were required to observe a signiﬁcant frequency of
translocation events. We recorded resistive pulses at an applied potential difference
of −0.04 to −0.115 V with the polarity referring to the top ﬂuid compartment relative
to the bottom ﬂuid compartment, which was connected to ground. The electrolyte
contained 2 M KCl with either: 10 mM HEPES at pH 6.5 for experiments with
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GPI-anchored acetylcholinesterase; 10 mM HEPES at pH 7.4 for experiments
with IgG, Fab, α-amylase, butyrylcholinesterase, and streptavidin; 10 mM citrate
(C6H7KO7) at pH 5.1 for experiments with β-phycoerythrin; 10 mM C6H7KO7 at
pH 5.2 for experiments with bovine serum albumin; or 10 mM C6H7KO7 at pH 6.1
for experiments with glucose-6-phosphate dehydrogenase and L-lactate
dehydrogenase. We used Ag/AgCl pellet electrodes (Warner Instruments) to
monitor ionic currents through electrolyte-ﬁlled nanopores with a patch-clamp
ampliﬁer (Axopatch 200B, Molecular Devices) in voltage-clamp mode (that is, at
constant applied voltage). We set the analog low-pass ﬁlter of the ampliﬁer to a
cutoff frequency of 100 kHz. We used a digitizer (Digidata 1322) with a sampling
frequency of 500 kHz in combination with a program written in LabView to acquire
and store data43. To distinguish resistive pulses reliably from the electrical noise, we
ﬁrst ﬁltered the data digitally with a Gaussian low-pass ﬁlter ( fc = 15 kHz) in
MATLAB and then used a modiﬁed form of the custom-written MATLAB routine
described in ref. 46. We deﬁned the start of a resistive pulse by a resistive decrease in
the magnitude of the current past a threshold value that we set to 5× the standard
deviation of the noise of the baseline current. The subsequent return of the current
past a second threshold, which we set to one standard deviation of the noise in the
baseline current, and towards the baseline value, marked the end of the resistive
pulse16. We calculated the translocation time, td , as the width of individual resistivepulse at half of their peak amplitude, also known as the full-width at half-maximum
value16,47. From this analysis, we obtained the ΔI and td values for each resistive
pulse, and we only analysed ΔI values for resistive-pulses with td values greater than
50 µs, since resistive pulses with translocation times shorter than 50 µs have
attenuated ΔI values due to the low-pass ﬁlter16,46. Refer to Supplementary Figs S19
and S20 (from ref. 16) for a detailed characterization of the frequency response of the
recording set-up used here.
With regard to the success rate of the experiments reported here, we used a
total of 68 different nanopores for this work and 21 of these nanopores (31%)
yielded measurements. Experiments generally failed due to one of three reasons:
(1) the baseline current was lower than expected based on pore geometry
and electrolyte conductivity prior to coating the nanopore with a lipid bilayer
(Ibaseline < 0.9 × Iexpected); (2) the nanopore did not coat; or (3) the baseline current
after coating was too noisy to detect translocation events. For the 68 nanopores, we
obtained the expected baseline current in 73% of attempts, successfully coated the
pore in 37% of attempts (cumulative success rate = 27%), and achieved sufﬁciently
low noise for recording after successfully coating the pore in 46% of attempts
(cumulative success rate = 12%). These statistics indicate that approximately 1 in
10 experiments yielded a measurement, on average. The success rate was, however,
highly dependent on the nanopore chip being used: a subset of approximately
10 nanopores were coated successfully in ∼80% of attempts until they abruptly
failed irreversibly at the ﬁrst stage described above; on average this failure occurred
after 16 experiments.
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