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ABSTRACT: We report characterization of hepatitis B virus
(HBV) capsids by resistive-pulse sensing through single track-
etched conical nanopores formed in poly(ethylene tere-
phthalate) membranes. The pores were∼40 nm in diameter
at the tip, and the pore surface was covalently modified with
triethylene glycol to reduce surface charge density, minimize
adsorption of the virus capsids, and suppress electroosmotic
flow in the pore. The HBV capsids were assembled in vitro
from Cp149, the assembly domain of HBV capsid protein.
Assembled T = 3 (90 Cp149 dimer) and T = 4 (120 dimer)
capsids are 31 and 36 nm in diameter, respectively, and were
easily discriminated by monitoring the change in current as
capsids passed through an electrically biased pore. The ratio
of the number of T = 3 to T = 4 capsids transiting a pore did
not reflect actual concentrations, but favored transport of
smaller T = 3 capsids. These results combined with longer
transit times for the T = 4 capsids indicated that the capsids
must overcome an entropic barrier to enter a pore.

Nanopores and nanochannels exhibit unique transport
properties1 and have a number of potential applications.2

Of particular interest is developing label-free, nondestructive
techniques for rapid sensing, characterization, and sorting of
particles with nanometer dimensions. The resistive-pulse
technique3measures changes in ion current resulting from transit
of particles through an electrically biased nanopore filled with
electrolyte. As sensing elements, protein pores,4 e.g., R-hemoly-
sin, exhibit highly reproducible pore composition and dimen-
sions but lack robustness when suspended in lipid bilayers. Alter-
natively, micro- and nanofabrication techniques are used to
fabricate solid-state and synthetic nanopores5,6 with a wide range
of well-defined geometries and dimensions. Forming these pores
parallel or perpendicular to the substrate surface permits straight-
forward integration with other device features. Solid-state and
synthetic nanopores exhibit ion depletion/concentration,7-9

ion permittivity,10 enhanced channel conductance,11 ion current
rectification,12,13 and pressure-induced salt flux rectification.14,15

The ability to control pore dimensions over a range of length scales
permits analysis of a variety of samples, including DNA,16-18

proteins,19 viruses,20 immune complexes,21 nanoparticles,22 and
small molecules,23 and similarly designed pores may be used to
sequence DNA.24 In some cases, the molecule of interest, e.g.,
DNA, must overcome an entropic barrier to enter nanoscale slits25

and pores.26 Related to this work is the characterization of viruses

with track-etched pores20 and immune complexes with femtose-
cond laser-machined pores.21 In both examples, the studied protein
complexes are ∼100-150 nm in diameter.

We present a simple method to detect and characterize hep-
atitis B virus (HBV) capsids with nanopore devices. We used
single track-etched conical nanopores formed in poly(ethylene
terephthalate) (PET) membranes to discriminate between the 3
MDa T = 3 and 4 MDa T = 4 HBV capsids. HBV capsid protein
can be expressed by Escherichia coli, and the capsids can be
reassembled in vitro under appropriate conditions, e.g., high
ionic strength and protein concentration.27 T = 3 and T = 4
icosahedral complexes, composed of 90 and 120 capsid protein
dimers, respectively, are formed with a concentration ratio of 1 to
9. Capsid proteins can be reassembled as empty capsids28 or with
nucleic acids.29 The reassembly process is inherently of interest,
and this system offers a unique opportunity to characterize capsid
transport, capsid properties, and nanopore properties. The T = 3
and T = 4 capsids are similar in diameter, 31 and 36 nm,
respectively, and have identical surface properties, i.e., chemical
composition, charge per unit area, and electrophoretic mobilities.
In this work, we used empty capsids formed from Cp149 capsid
proteins.

Conical nanopores30 were fabricated by a two-step etching
technique,31 and the pore surface was covalently modified with
triethylene glycol to attenuate the surface charge density, to min-
imize electrostatic interactions between the capsids and pore wall,
and to suppress electroosmotic flow inside the pore (see Support-
ing Information). To provide an initial estimate of the nano-
pore dimensions, a scanning electron microscope (SEM) was
used to determine the average base diameter, dbase = 590 ( 140
nm, from 60 pores in three multipore membranes etched under
the same conditions as the single tracked membranes. PET
membranes with a single nanopore were mounted in the center
of a U-cell. A 10 mM potassium phosphate buffer with 0.1 MKCl
(pH 6.8) was placed on both sides of the membrane. A
picoammeter-voltage source was used to apply potentials to
the U-cell through Ag/AgCl electrodes and monitor the current.
After determining the pore resistance, Rpore, from a current-
voltage (IV) curve, the tip diameter, dtip, was estimated with eq 1:

dtip ¼ 4Fl
πRporedbase

ð1Þ

where l is the thickness of the PET membrane (10 μm) and
F is the specific resistivity of the buffer (71 Ω 3 cm for 10 mM
phosphate buffer with 100 mM KCl). Pores 1, 2, 3, 4, and
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5 had estimated tip diameters of 36 ( 11, 55 ( 13, 53 ( 13,
48( 12, and 52( 12 nm, respectively. The standard deviations
for the tip diameters were determined from the base diameter and
resistance measurements. Current measurements provided an
approximation of the tip diameters, but a pore with a wider base
and narrower tip cannot be readily distinguished from a pore with
a narrower base and a wider tip. As we show, the relative
transport of T = 3 and T = 4 capsids through the pore provided
a more accurate assessment of the tip diameter.

Membranes with pores 1, 2, and 3 were covalently mod-
ified with triethylene glycol for 4 h (see Supporting Information).
After modification, the pores did not rectify ion current, i.e., had
rectification ratios of 1.0. (The rectification ratio is the absolute value
of the ratio of currents measured at potentials of equal magnitude
but opposite sign.) Figure 1 shows the IV curves for pore 1 before
and after modification. For the reaction time of 4 h, 22 of 25 pores
were successfullymodified and showed IV behavior similar to that of
pore 1 in Figure 1. The membranes with pores 4 and 5 were
covalently modified for a reaction time of only 2 h. As a result, pores
4 and 5 continued to rectify ion current after surface modification,
and the rectification ratios were 1.34 and 1.33, respectively.

Next, we demonstrated that the electrically biased pores were
capable of distinguishing the two sizes of HBV capsids (T = 3 and
T = 4). A 50 mM HEPES buffer with 1 M NaCl (pH 7.2) and
HBV capsids was placed in the half of the U-cell in contact with
the nanopore tip, and the virus capsids were translocated through
the nanopore electrophoretically. A multifunction data acquisi-
tion board controlled through LabVIEW supplied the applied
potential and recorded the amplified current signal from the
translocation events at 1 or 10 kHz. Figure 2a shows a current
trace of 0.5 nM unpurified, reassembledHBV capsids (∼10%T =
3 capsids and ∼90% T = 4 capsids). The baseline current was
subtracted from the data, and the pulse amplitude (Δi) is the
difference between the baseline current and the pulse minimum.
In Figure 2a, the small pulses are labeled T = 3 capsids and the
large pulses T = 4 capsids. Figure 2b shows a histogram of Δi
obtained from pores 2 and 4. The histograms for both pores are
overlaid for comparison, and both data sets showed the presence
of two well-resolved distributions. Pore 2 produced maxima in
the Δi distributions spread farther apart than the Δi distribution
maxima for pore 4. With pore 2, the T = 3 and T = 4 distributions
were confirmed by obtaining histograms of sucrose gradient-
purified32 T = 3 and T = 4 samples (see Figure 3).

Interestingly, the counts from the two distributions in the his-
togram of the mixture do not reflect the actual concentrations of
T = 3 and T = 4 capsids. In Figure 2b, the ratio of the number of
T = 3 capsids to T = 4 capsids (n3/n4) is 1.31 for pore 2 and 0.48
for pore 4, whereas the expected n3/n4 is 0.11 for a sample with
10% T = 3 capsids and 90% T = 4 capsids. These higher than
expected ratios suggested that the diameter of the pore tip
influenced the transport of T = 3 and T = 4 capsids differently.
Moreover, as a capsid enters a confined space, e.g., a nanopore,
entropy is lost. A greater entropic barrier for T = 4 capsids is
expected than for theT = 3 capsids due to their size difference, and
this entropic barrier becomesmore significant as the capsid diameter
approaches the tip diameter of the pore. Equation 2 describes the
partition coefficient for spherical particles entering a circular pore:

KT ¼ 1-
dcap, T
dtip

 !2

ð2Þ

where KT is the partition coefficient for T = 3 or 4 and dcap is
the capsid diameter (31 nm for T = 3 capsids and 36 nm for
T = 4 capsids). Therefore, we can determine n3/n4 in terms of pore
diameter with eq 3,

n3
n4

¼ C3K3

C4K4
ð3Þ

where C3/C4 is the relative concentration of the capsids. Figure 4
shows that a rapid increase in n3/n4 is expected as the diameter of the

Figure 1. Current-voltage (IV) curves of a conical nanopore before
and after surface modification with triethylene glycol. The buffer was
10 mM potassium phosphate buffer with 100 mM KCl, and the IV data
are for pore 1. Error bars are ( σ.

Figure 2. (a) Variation of pulse amplitude (Δi) with time for a mixture
of T = 3 and T = 4 HBV capsids analyzed with pore 2. Dashed lines
indicate the current pulses for T = 3 and T = 4 capsids. The applied
potential was 0.3 V. (b) Histogram of Δi for mixtures of T = 3 and T =
4 HBV capsids characterized with pores 2 and 4. For pore 2, total counts
are 212, and n3/n4 = 1.31. For pore 4, total counts are 263, and n3/n4 =
0.48. The applied potential was 1 V for pore 4.
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pore tip decreases toward the T = 4 capsid diameter (36 nm). For
pores 1, 2, 3, and 4, n3/n4 is 1.37, 1.31, 0.88, and 0.48, respectively.
Substituting these n3/n4 ratios and C3/C4 = 0.11 into eq 3 gives
estimated pore diameters of 38, 38, 39, and 41 nm for pores 1, 2, 3,
and 4, respectively. These pore diameters are underestimated
because the capsid diameters were from crystallographic measure-
ments of capsids that do not include a hydration layer. Figure 4
shows how sensitive n3/n4 is to the pore diameter when the pore
diameter is similar to the capsid diameter. The average tip diameter
estimated from the data in Figure 4 is 40.5 ( 1.5 nm. Error for
the tip diameter is considerably smaller than the errors estimated by
eq 1, which are inferred from the base diameters and their associated
errors. The results also indicated the pore tips have nearly circular
cross sections that permit passage of the spherical capsids.

Further, we analyzed the transit times (Δt) of the T = 3 and
T = 4 capsids. In Figure 5, histograms ofΔt for the T = 3 and T = 4
capsids exhibited an exponential decay and were fitted with a single
exponential. The fits showed that the time constant (τ) for the
T = 4 capsids was 30.8( 0.4 ms, and τ for the T = 3 capsids was
6.3( 0.5ms. The difference in τ is consistent with a higher entropic
barrier for T = 4 capsids to enter the pore.

With purified T = 4 capsids, we investigated how the applied
potential (Vapp) influenced Δi and Δt. From histograms of Δi at
different applied potentials, Figure 6a shows that the pulse ampli-
tudes scaled linearly with applied potential, and 1/τ varied non-
linearly with applied potential. A decrease in τ with increasing
applied potential was anticipated because the applied potential
helped capsids overcome the barrier to enter the pore. However,
additional physical processes, such as structural distortions of the
capsid or adsorption of the capsid to the pore wall may add toΔt,

especially at lower applied potentials. Electrostatic interactions
are suppressed by covalent modification of the pore surface and
the high ionic strength buffer.

Small variations in the tip diameter, nanopore shape, and sur-
face roughness from the fabrication process led to each nanopore
having a different working potential range. For example, pore 1
required an applied potential of 7 V to produce pulses with a
good signal-to-noise ratio, whereas pores 2 and 3 required 0.3
and 0.2 V, respectively, to obtain similar results. This observation
is consistent with the change in the ion conductance (ΔG = Δi/
Vapp) as capsids passed through the pores. The average pulse
amplitude (Δi) was calculated from data similar to Figure 2a for
T = 4 capsids and divided by the applied potential (Vapp).ΔGwas
560 pS for pore 1, 470 pS for pore 2, and 650 pS for pore 3.
Despite markedly different applied potentials,ΔGwas similar for
pores 1, 2, and 3. If the pores were circularly symmetric, smaller
pores should exhibit a larger ΔG as a capsid passed through the
pore. Pore 3 had a slightly higher ΔG than pores 1 and 2, which
indicated that capsids fit more snugly in pore 3 and, subsequently,
displaced a larger fraction of electrolyte during the measurement.

Variation of Δi4/Δi3 with τ4/τ3 in Figure 6b shows a linear
relationship for pores 1, 2, and 3, which are operated with
different applied potentials, but have similar surface chemistries,
e.g., covalent modification of the pore surface with triethylene
glycol. This finding permits direct comparison between data
from different pores. Asmentioned above, the ion current did not
rectify on pores 1, 2, and 3 after surface modification. Pore 4

Figure 3. (a) Variation of Δi with time for no capsids (baseline),
purified T = 3 capsids, and purified T = 4 capsids analyzed with pore 2.
The applied potential was 0.5 V. (b) Histogram of Δi for purified T = 3
and T = 4 capsids characterized with pore 2. n3 = 200, and n4 = 250.

Figure 4. Variation of n3/n4 with pore diameter for pores 1, 2, 3, and 4.
The solid line is calculated with eq 3, and the dashed line is n3/n4 = 0.11.

Figure 5. Histogram of transit time (Δt) for T = 3 and T = 4 capsids.
The data are from pore 2 in Figure 2. The solid and dashed lines are
exponential fits to transit times for T = 3 and T = 4 capsids, respectively.
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rectified current after surface treatment, and the τ4/τ3 ratio was
larger than predicted. The presence of electroosmotic flow, which
opposed the direction of electrophoretic transport of the capsids,
increased the transit time of the capsids, and thus, increased τ4 to
a greater extent than τ3.

In conclusion, current pulses fromT = 3 andT = 4 capsids were
easily resolved on electrically biased pores with tip diameters of
∼40 nm. To obtain a histogram of Δi with a representative
concentration distribution would require much larger pores with
>100 nm, at the cost of a lower signal-to-noise ratio and a smaller
difference in Δi between particle sizes. In addition, suppressing
electroosmotic flow was necessary for capsids to enter pores
electrophoretically. However, the minimal electroosmotic flow
in pores 4 and 5 slowed particle transport through the pore,
increasing Δt and subsequently improving measurement precision.
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