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This paper describes the use of a submicrometer pore-based
resistive-pulse sensor to 1) detect a specific virus or a virusspecific antibody in solution, 2) probe the ability of an antibody to immunoprecipitate the virus, 3) determine the
number of antibodies bound to individual virus particles,
and 4) monitor the assembly of nanoparticles onto templates (here antibodies onto viruses) in situ. The assay is
label-free, examines viruses in their native, assembled state,
and requires no immobilization or modification of the virus
or antibody. It functions by detecting the difference in the
peak amplitudes of resistive pulses that occur when viruses
with and without antibody bound pass through a submicrometer pore. This technique made it possible to monitor
quantitatively the time-course of the binding of an antibody
to a nonpathogenic virus, the icosahedrical Paramecium bursaria chlorella virus (PBCV-1) with a diameter of
 190 nm.[1] We found that the maximum number of antibodies that were able to bind to PBCV-1 was 4200  450.
Due to its small footprint and its simple detection scheme,
submicrometer pore-based sensing of antibody–virus interactions may enable portable or high-throughput immunoassays for diagnostics and biodefense.
The ability to determine the number of antibodies
bound to a virus enables at least three important applications. First, it makes it possible to predict the efficacy of an-
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tibody-mediated neutralization of viruses.[2, 3] Second, the
number of antibodies that are bound to a virus can be used
for determining the antibody3s affinity[4, 5] and the valency of
binding.[6, 7] And third, antibodies binding to a virus particle
represent an accessible example of a well-defined self-assembly; monitoring this assembly process may thus be
useful as a model system for studying templated self-assembly. Such a system may promote other attempts of controlled nanoassemblies (e.g., fabrication of hierarchical nanostructures through the binding of nanoparticles to engineered templates – we are currently investigating this application).[8–12]
Currently available techniques for direct determination
of the number of antibodies bound to virus particles include
assays with radiolabeled antibodies,[13–18] sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE),[19] capillary electrophoresis (CE),[20] and enzyme-linked immunosorbent assays (ELISA).[21] These techniques typically require: 1) a minimum concentration of 3 = 109 particles mL 1
(ELISA and CE typically use > 3 = 1011 particles mL 1),
2) labeled antibodies, 3) reaction volumes ranging from
10 mL (CE) to  100 mL, and 4) in most cases, fairly bulky
and sophisticated laboratory equipment with high power requirements (such as a CE apparatus, plate readers, etc).
Here we present a simple, nondestructive method for
detecting virus-specific antibodies in solution and for determining the number of antibodies bound to an intact virus in
a physiological buffer. This label-free technique is able to
operate with virus concentrations as low as 5 =
107 particles mL 1 and establishes whether or not the antibody can aggregate (immunoprecipitate) the virus. As illustrated in Figure 1, the approach uses laser-fabricated pores
in glass and simply measures transient changes in current
(so-called “resistive pulses”), which are typical for Coultercounting experiments. In these experiments, the reaction
volume was 40 mL, but this value could be reduced to
< 10 mL via the integration of microfluidics.[22] Due to the
small size of the pores, this approach could potentially be
miniaturized and performed in parallel for high-throughput
applications.
Previous work using submicrometer pores, nanopores,
and nanotubes for resistive-pulse sensing includes the detection of colloid aggregation,[23, 24] DNA,[25–40] nanoparticles,[41–47] proteins,[48–52] small molecules,[53–55] the measurement of the size and polydispersity of several viruses,[56, 57] as
well as the analysis of the length of viral glycoproteins
(spikes).[58] Sohn3s group used resistive-pulse sensing to
detect the binding of antibodies to synthetic colloids, which
were functionalized with antigen.[48, 52] Here we demonstrate
the use of resistive-pulse sensing for the detection, characterization, and quantification of the binding of antibodies to
intact virus particles.
In order to measure the resistive pulses caused by the
passage of virus particles through the pore, we used a similar setup to the one reported recently.[51] It consisted of a
patch-clamp amplifier with two Ag/AgCl electrodes and a
conical pore with a diameter of 650 nm mounted in a poly(dimethylsiloxane) (PDMS) fluidic setup (see Supporting
Information for a schematic of the setup and SEM images
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peak amplitude.[66] We made use
of this linear correlation to estimate the change in the volume of
PBCV-1 virus particles before and
after antibody binding (Figure 1).
At the beginning of each experiment, we characterized the response of the submicrometerpore-based Coulter counter to
single virions (see Supporting Information for a detailed analysis
of the bandwidth of the measurement, the bandwidth and sampling
frequency required to resolve an
event due to a virus completely,
and the effects of digital filtering
and decimation of data on the
peak amplitudes and half-widths
of the events). Even in the absence of antibodies, PBCV-1 viriFigure 1. Resistive-pulse technique for detecting and characterizing the binding of antibodies to
ons passing through the conical
virus particles. A) Detection of virus particles before addition of antibodies: Single virions passing
pore created resistive pulses with
through the laser-fabricated conical pore cause a transient reduction in current (resistive pulse) as
peak
amplitudes
significantly
shown by the spikes (events) in the current trace. The dotted line represents the mean of a Gaussiabove the baseline noise (Figan curve fit to the distribution of the peak amplitudes of the events. The concentration of the virus
was 4 % 107 particles mL 1 and the average current passing through the pore for all experiments
ures 1 and 2). We analyzed these
was  140 nA. B) Detection of virus particles after addition of antibodies: Binding of antibodies to
pulses with a computer algorithm
the virus increases the volume of the particle leading to an increase in the peak amplitude when
by using a threshold value for the
the viruses pass through the pore. The current trace displays events that were recorded 10–15 min
peak amplitude to identify indiafter addition of the antiserum, which was at a final dilution of 0.001 % the original antiserum. If
vidual “virus events” (the dotted
the antibody is capable of causing aggregation of viruses, this approach makes it possible to idenred line in Figure 2 A and B inditify dimers (and larger complexes of virus particles) by detecting events with approximately twice
cates the threshold value); peaks
(three times, etc.) the peak amplitude of individual viruses.
that had at least 10 times the amplitude of the standard deviation
of the current noise from its mean baseline value (root
of the pores). The pore was fabricated in a borosilicate
mean square current noise, here called RMS noise) were
cover glass using a femtosecond-pulsed laser.[22, 51, 59–62] We
counted as viruses (most events generated from a solution
chose glass as the substrate because it is an excellent matericontaining only virus had peak amplitudes of at least
al for low-noise electrical recordings (i.e., low capacitance,
700 pA, or  40 = the RMS current noise). The analysis of
low dielectric loss),[51, 63–65] and the conical shape of the pore
resistive pulses showed that the frequency of events was
provided enhanced sensitivity compared to cylindrical
proportional to the concentration of the virus[43, 47, 56] in a
pores.[50, 51] Replacement of the solutions on either side of
the pore was straightforward due to the fluidic setup and
concentration range from 4.4 = 107–2.5 = 109 particles mL 1;
the transparency of the entire assembly made it possible to
we found the following relationship: frequency of events
observe the pore with a microscope when necessary.
[Hz] = 4.0 = 10 9 [Hz mL particles 1] = concentration of virus
Before examining the interaction of antibodies with
particles [particles mL 1]; N = 6; R2 = 0.95 (see Supporting
virus particles, we characterized the response of the submiInformation).
crometer pore to spherical nanoparticles of defined size and
In order to estimate the size of individual virus particles
shape (see Supporting Information).[51] Deblois et al. demwithout any bound antibody, we analyzed approximately
1400 virus events (see Supporting Information). This analyonstrated that a spherical particle passing through a cylinsis was based on fitting a Gaussian distribution to a histodrical nanopore creates a resistive pulse with a peak ampligram of the peak amplitudes as shown in Figure 2 C. Applytude that was proportional to the volume of the particle (as
ing the linear relationship between peak amplitude and parlong as the particle diameter was less than  40 % of the diticle volume to the mean peak amplitude from the Gaussian
ameter of the pore).[41] We demonstrated recently a linear
distribution then made it possible to calculate the mean
relationship for spherical particles passing through conical
volume of the virus particles. Using equations that relate
pores;[51] the proportionality between current peak amplithe volume of an icosahedron to its diameter,[67] we obtude and particle volume for the conical pore was 3.9 =
4
3
10 pA nm . Virus particles are typically not perfectly
tained a diameter of 203  14 nm along the fiveACHTUNGREfold axes for
PBCV-1 virions (see Supporting Information for a more despherical; however, experimental evidence suggests that the
tailed discussion). This result compares well with measureshape of particles that resemble spheroids does not influments of the size of PBCV-1 by cryoACHTUNGREelectron microscopy,
ence the linear relationship between particle volume and
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Figure 2. Detection of an antibody–virus interaction using a submicrometer pore. A) Current versus time trace before addition of antiserum: The transient increases in resistance (events) that occurred
when viruses passed through the pore led to transient reductions in
current. The dotted red line represents the threshold used to distinguish events caused by the passage of viruses from current noise.
B) Current versus time trace approximately 8 min after addition of
antiserum: The mean peak amplitude was approximately 22 % larger
than the mean peak amplitude before addition of antiserum, whereas the four largest peaks were presumably due to aggregates of
virus particles. C) Histograms of the peak amplitudes of 175 events
that occurred before antibody binding (black) and 6–8 min (red)
after addition of antiserum (final virus concentration
4.4 % 108 particles mL 1, final dilution of the antiserum: 0.001 % the
original antiserum). The Gaussian mean of the first (bigger) peak in
the red histogram shifted compared to the histogram before antibody
binding (shown in black). The second peak in the red histogram
occurred presumably due to the formation of dimers. The inset represents data from control experiments; the histograms show events
that occurred before (black) and 2.5–3.5 min (red), 7.5–8.5 min
(blue), and 13–15 min (green) after addition of serum from a rabbit
that was not immunized (final virus concentration
4.4 % 108 particles mL 1, final dilution of this control serum: 0.0013 %
the original control serum). The change in the mean peak amplitude
of the control experiments was < 6.5 %.

which revealed an average diameter of 190 nm along the
fivefold axes (depending on the microscope technique, diameters of 140–190 nm have been reported;[1] however, cryoelectron microscopy is known to preserve the native state of
the virus[68, 69] and may therefore reflect the size of the virus
particles in their hydrated state more accurately than EM
techniques that require drying of the samples). Coulter
counting with a submicrometer pore is thus a rapid, simple,
and effective technique to determine the size of virus particles in their native state.[56, 57]
small 2006, 2, No. 8-9, 967 – 972

To examine the binding of antibodies to PBCV-1, we
monitored the peak amplitude of the events after adding a
polyclonal antiserum against PBCV-1; the dilution of the
antiserum and therefore the concentration of antibodies in
the mixture was kept constant in all experiments while the
concentration of virus particles was varied (the concentration of the specific antibody in the antiserum was unknown;
however, in the Supporting Information we calculated a
lower boundary of 0.55 mg mL 1 for the concentration of
the specific antibody based on the collected data). Upon addition of antiserum to solutions with various virus concentrations, the peak amplitudes of the virus events increased.
A Gaussian fit of the resulting histograms showed a shift of
the mean peak amplitude that indicated particles of increased volume (Figure 2 C). The final increase in amplitude
upon antibody binding onto individual virus particles
ranged from + 7 to + 60 % (Figure 3), depending on the
ratio of antibody concentration to virus concentration in the
solution. By calculating the difference between the mean
current peak amplitudes from the Gaussian fits before and
after addition of antiserum (Figure 2 C), we were able to determine the increase in volume due to antibody binding.
The maximum increase in volume occurred at the highest
antibody to virus ratio and was + 1.4 = 106 nm3, corresponding to + 60 % (Figure 1).
Figure 2 C also shows a second peak in the histogram of
the peak amplitudes upon addition of antibody to the virus
particles. The mean value of the Gaussian distribution fitted
to the second peak was approximately twice that of the first
peak. Since the antiserum that was used can cause aggregation of viruses[70] (see also Supporting Information), we suggest that the second peak was caused by dimers of viruses
that were linked by the divalent polyclonal IgG antibodies
in the antiserum. Control experiments with serum from
a rabbit that was not immunized caused only a small
(< 6.5 %) change of the mean of a Gaussian fit to the peak
amplitudes of the virus (Figure 2 C, inset), indicating that
binding of nonspecific antibodies (or other proteins) to the
viruses was minimal.
Using the aforementioned approach to calculate the increase in volume of virus particles upon binding of antibodies, we were able to estimate the number of antibodies attached to individual virus particles by assuming that each
antibody contributed a volume of 347 nm3 (this molecular
volume of IgG antibodies was measured by atomic force microscopy).[71] Since the assay presented here provided the
ability to record virus events continuously, it was possible to
follow the number of antibodies bound to virus particles
over time. It was thus possible to extract the kinetics of the
antibody–virus interaction at different ratios of antibody
concentration to virus concentration as shown in Figure 3 A.
The equilibrium stage of antibody binding was typically
reached after 6–13 min (depending on the ratio of antibody
to virus). We found that the equilibrium occupancy decreased with decreasing antibody-to-virus ratio and that it
ranged from 500–4000 antibodies per virus particle (Figure 3 B).
Based on the sigmoidal fit of the data shown in FigACHTUNGREure 3 B, we estimate that the maximum number of antibod-
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responsible for most antibody-binding interactions). The observation that this antiserum aggregates the virus also supports the hypothesis of significant monovalent binding.
In conclusion, we have developed a simple technique for
determining the number of antibodies bound to viruses in
their native conformation. The assay is label-free, nondestructive, requires no immobilization or modification of the
virus or antibody, and can establish if the antibody is suitable for immunoprecipitation. Due to the specificity of most
antibody–virus interactions, this method can be used to
detect the presence of an antibody directed against a particular virus in complex media such as serum (here the antiPBCV-1 antibody); it may therefore be useful for immunoassays[73] and vaccine development. One potential drawback
of this technique is that it may be challenging to detect a
small number of antibodies (< 10) bound to a virus particle.
While we applied this method to sense the binding of antibodies to viruses, we expect that this technology could be
extended to characterize and monitor other types of nanoscale assemblies such as the assembly of nanoparticles to
functional components.[8–12]

Experimental Section

Figure 3. Kinetics of antibody binding at different ratios of antibody
to virus concentration and estimation of the maximum number of
antibodies that can bind to the virus. In all experiments, the final
dilution of the antiserum or control serum was held constant at
0.001 % the original serum. A) Plot of the number of antibodies
bound to virus particles versus time. The final concentration of the
virus was either 2.8 % 108 (squares) or 4.0 % 109 particles mL 1 (circles). The triangles represent a control experiment with nonspecific
rabbit serum and a virus concentration of 3.4 % 108 particles mL 1.
The error bars reflect the error of the mean value from a Gaussian fit
to a histogram of the peak amplitudes of at least 50 events. B) Plot
of the number of antibodies bound to PBCV-1 viruses at equilibrium
versus the concentration of the virus (increasing virus concentration
corresponds to decreasing antibody-to-virus ratio). The data were fitted
with a sigmoidal function of the form y = A2 + (A1 % A2)/p ACHTUNGRE(1+x/x0);
N = 6, R2 = 0.99. The error bars were calculated by summing the
standard deviation of the mean values of the Gaussian fits to histograms of the peak amplitudes.

ies that could bind to the virus particles was 4200  450.
Wang et al. report[70] that PBCV-1 contains a major capsid
protein which carries the primary epitope to which the polyclonal antiserum binds. PBCV-1 is enclosed in 5040 copies
of this major capsid protein.[72] Since we observed a maximum number that was close to this number, namely 4200 
450 antibodies bound to each virus particle, we propose that
most of these primary epitopes were accessible for antibody
binding. The close agreement of these numbers also suggests
that the majority of the antibodies in the antiserum were
bound to an individual virus particle via one of their two
binding sites (i.e., monovalent binding; purely divalent binding would result in a maximum possible antibody load of
 2520 per virus assuming that the major surface antigen is
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Solutions: All solutions were prepared with deionized water
(resistivity of 18.2 MW cm, Aqua Solutions, Jasper, GA) and we
used potassium chloride, sulfuric acid (both from EMD Biosciences, La Jolla, CA), tris(hydroxymethyl)aminomethane (TRIS; Shelton Scientific, Shelton, CT), bovine serum albumin (Sigma, St.
Louis, MO), Tween 20 (Mallinckrodt Chemicals, Phillipsburg, NJ),
hydrochloric acid (VWR International, West Chester, PA), nitric
acid (Fluka Chemie, Buchs, Switzerland), and hydrogen peroxide
(EMD Chemicals, Gibbstown, NJ) without further purification. Recording buffer, composed of 150 mm KCl, 50 mm TRIS buffer,
pH 7.8, 0.1 mg mL 1 bovine serum albumin, 0.1 % w/v Tween
20, was filtered through sterile, low-protein-absorption polyACHTUNGREethersulfone membrane filters with a pore size of 0.2 mm (Pall,
East Hills, NY). Concentrated PBCV-1 virions and the polyclonal
antiserum from rabbit were both kindly provided by J. L. Van
Etten (University of Nebraska-Lincoln). We diluted the virus and
antiserum in recording buffer and filtered the antiserum solution
through a 0.2-mm membrane filter.
Nanomachining using a femtosecond pulsed laser: This procedure was described in detail previously.[51] Briefly, a borosilicate glass cover slide (Corning 0211, Fisher Scientific, Pittsburgh, PA) was attached to a three-axes microscope nanomanipulation stage (Mad City Labs, Inc., Madison, WI); a droplet of
water was placed on the area that was to be machined. For
laser-based ablation of the glass at defined locations, we focused a directly diode-pumped Nd:glass CPA laser system (Intralase Corp., Irvine, CA) through a 100 % oil immersion microscope
objective (N.A. = 1.3, Zeiss, Thornwood, NY), and used laser
pulses that were frequency doubled from 1053 nm to 527 nm
with a duration of 600–800 fs. We used a three-stage process
that employed different pulse energy and repetition rates for the
shaft, top of the cone, and tip of the cone to machine the pore.
Preparation of the substrates with the pore for SEM: The
glass cover slide with the pore was coated in gold (thickness
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 10 nm) using a sputter coater (Structure Probe Incorporated,
West Chester, PA) and imaged with a high-resolution scanning
electron microscope (FEI Company NOVA 200 Nanolab, Hillsboro,
OR).[51] After imaging, the gold layer was removed using a 3:1
mixture of fuming nitric acid and concentrated hydrochloric acid
(aqua regia).
Mixing and data analysis: The diluted virus solution was
added to the buffer in the top liquid compartment (final volume
of this mixture was 40 mL). To keep the concentration of the polyclonal antibodies constant, 2 mL of the diluted antiserum was
always added to this virus/buffer mixture. The volume in the top
liquid compartment was then aspirated and expelled three times
using a pipette (Eppendorf Reference, Westbury, NY) with a
volume setting of 5 mL. This procedure combined with the small
volume ensured that the two solutions were well mixed.
The addition of the virus to the top liquid compartment
caused the RMS noise (filter cutoff frequency = 10 kHz) to
change by a maximum of 15.5 % (15.6–18.0 pA RMS at a virus
concentration of 4.4 % 108 particles mL 1). This change was, however, not correlated with the concentration of the virus; the maximum concentration of virus (4 % 109 particles mL 1) caused a
change of only 3 %. Addition of the antiserum to the top liquid
compartment caused the RMS noise to change by less than 4 %.
During the data analysis, we usually noticed that immediately after the addition of antiserum or control serum the peak amplitude from virus particles of the events was slightly reduced
ACHTUNGRE(<4.7 %). This decrease in amplitude was attributed to a small
change in the conductance of the solution. In order to minimize
the error in our determination of the number of antibodies
bound to a virus, we used the average of the Gaussian means of
the peak amplitudes, measured immediately after addition of
antiserum (before significant binding of antibodies could occur)
as the peak amplitude of virus particles that did not have antibodies bound on their surface.
Data acquisition and processing: Prior to each experiment,
the glass cover slide that contained the pore was cleaned in a
fresh mixture of 3:1 concentrated sulfuric acid to 30 % hydrogen
peroxide for at least 15 min. The poly(dimethylsiloxane) (PDMS,
Sylgard 184 Silicone, Dow Corning, Midland, MI) support that
contained the bottom liquid compartment (see Supporting Information) was cleaned thoroughly after each experiment with alternating rinses of deionized water and 95 % ethanol (VWR International). We cut the PDMS film that was used for the top liquid
compartment from a slab of PDMS that was cured in a clean
Petri dish; a new PDMS film was used in each experiment. This
procedure ensured a good seal between the PDMS and the
glass, and no leaks were encountered during the experiments.
Ag/AgCl pellet electrodes (Eastern Scientific, Rockville, MD) were
used since the recorded currents were relatively large (  140
nA). A patch-clamp amplifier (Axopatch 200B) was used in voltage clamp mode and the analog low-pass filter was set to a
cutoff frequency of 100 kHz. The setup was completed by a lownoise digitizer (Digidata 1322, sampling frequency set to
500 kHz), and a computer with recording software (Clampex 9.2)
for data acquisition. For all data processing and event collection,
Clampfit 9.2 (all from Axon Instruments, Union City, CA) was
used.
Data was filtered with a digital Gaussian low-pass filter with
a cutoff frequency of 10 kHz and then decimated to a sampling
small 2006, 2, No. 8-9, 967 – 972

frequency of 50 kHz (see Supporting Information for a detailed
analysis of the bandwidth of the measurement, the bandwidth
and sampling frequency required to resolve an event due to a
virus completely, and the effects of digital filtering and decimation of data on the peak amplitudes and half-widths of the
events). We defined a peak as an “event” that was due to passage of a virus if the signal had an amplitude of at least
13 times the standard deviation of the baseline signal from its
mean for a duration of at least 25 ms and a maximum of 10 ms
(all events had a halfwidth > 100 ms). The collected data was analyzed using Origin 7.5 (OriginLab, Northampton, MA) and
Matlab (The MathWorks, Natick, MA).
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