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Solid-state nanopores have been widely employed in sensing applications from Coulter counters to DNA
sequencing devices. The analytical signal in such experiments is the change in ionic current flowing
through the orifice caused by the large molecule or nanoparticle translocation through the pore.

Conceptually similar nanopipette-based sensors can offer several advantages including the ease of
fabrication and small physical size essential for local measurements and experiments in small spaces.
This paper describes the first evaluation of nanopipettes with well characterized geometry for resistive-
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pulse sensing of Au nanoparticles (AuNP), nanoparticles coated with an allergen epitope peptide layer,

and AuNP-peptide particles with bound antipeanut antibodies (IgY) on the peptide layer. The label-free
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Introduction

A family of sensing devices based on measurement of the ion
current flowing through a microscopic aperture includes solid-
state nanopores,' artificial ion channels,”> and carbon nano-
tubes.® The ability to detect single particles that can enter a
microscopic pore and partially block the current is common to
all these devices, known as resistive-pulse sensors. A number of
sensing schemes employing these devices have been developed
and used for DNA detection and sequencing,* studies of trans-
port processes at the level of single molecules,® ion-selective
sensing,® detecting single molecules,'” biosensing,'»**# and
single ion-channel recording.® Various types of nanopores have
been employed for resistive-pulse sensing,'® which is concep-
tually similar to the classical Coulter counter. The advantages of
resistive-pulse biosensing are widely recognized. The recorded
current pulses are single-molecule (or single-particle) events;
hence the possibility of the ultralow detection limit.>”**
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signal produced by IgY-conjugated particles was strikingly different from those obtained with other
analytes, thus suggesting the possibility of selective and sensitive resistive-pulse sensing of antibodies.

In this article, we develop new approaches to quantitative
resistive-pulse sensing with nanopipettes and demonstrate the
use of nanopipette-based sensors for selective detection of
antibodies to peanutallergens (IgY)."* Peanut and tree nut allergy
related symptoms affect ~1% of all Americans.'® Peanut aller-
gens are glycoproteins that elicit immune responses elevating
IgE antibody levels in the human body. Arachis hypogaea glyco-
protein peanut allergens Ara h1, Ara h2, and Ara h3 are the major
glycoprotein allergens that elicit specific IgE response (sIgE) due
to epitopes of protein in allergic patients.'** Peptide sequence of
Ara h1 induces specific IgE levels that can be measured in serum
and that may aid in detecting the likelihood of severe allergy
episodes. Ara h2 is an abundant glycoprotein present in nuts,
and is considered the most potent peanut allergen that is most
frequently recognized by specific IgE from allergic individuals.™
Here, we used the Ara h 2-2 peptide sequence for detection of
anti-peanut chicken IgY, a model antibody for human IgEs with a
similar 3-D structure.'® Ara h 2-2 peptide-modified gold nano-
particles were employed to capture IgY offline from solution for
detection using a nanopipette-based sensor.

In resistive-pulse sensing,’® a detectable particle—or a
biomolecule—must be sufficiently small to pass through the pore
orifice, but at the same time large enough to cause a measurable
change in the recorded ion current, Ai. In most cases, Ai < 0;
however, increases in apparent conductivity of the pore during
the translocation event have also been reported.*® Individual
blocking events on the millisecond or sub-millisecond time scale
can be recorded using a patch clamp amplifier or a similar device.

Nanopipettes are similar to nanopores in having a nano-
meter-sized orifice that can sense the analyte species entering
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and partially blocking the aperture.”” The ion current (i) is
driven by voltage applied between two reference electrodes
placed inside and outside of the nanopipette (Fig. 1A). A
nanopipette offers several important advantages including the
ease of fabrication, small physical size (the outer diameter of
the pipette tip can be as small as =10 nm),"® and the needle-like
geometry, which makes it suitable as a probe for scanning probe
microscopies.””'*>* Few applications of nanopipettes to resis-
tive-pulse sensing have been reported,"** and methodology for
characterizing the inside geometry of a pipette, which is
essential for such measurements, has yet to be developed. The
two main geometric parameters are the pipette radius (a) and
the pipette angle (; Fig. 1B), which define the shape of the
narrow tapered shaft adjacent to its tip and therefore largely
determine the ion current and the pipette resistance. Here we
show that pipette geometry can be characterized by combining
resistive-pulse experiments with steady-state voltammetry of ion
transfer across the interface between two immiscible electrolyte
solutions (ITIES). Then, we use a model system of gold nano-
particles (AuNP), AuNP-peptide allergen and AuNP-peptide
allergen particles that have bound IgYs to demonstrate the use
of nanopipettes for label-free detection of antibodies.

Results and discussion
Size distribution and zeta ({)-potentials of particles

TEM images of different particles used in our experiments are
shown in Fig. 2, and related size distributions are given in Fig. 3.
After drying on TEM grids, the particles showed considerable
aggregation. To determine the size, we focused on individually
isolated particles. The image of commercial citrate-stabilized
AuNP (Fig. 2A) and the corresponding size distribution (Fig. 3A)

current

o

time

Fig. 1 (A) Simplified schematic representation of resistive-pulse sensing with a
nanopipette. In the presence of nanoparticles, blockage events can be seen in the
current vs. time curve. (B) Parameters defining the nanopipette geometry.
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Fig. 2 TEM images of different nanoparticles: (A) commercial AuNPs, (B) AUNP-
MHDA, (C) AuNP-peptide stained by phosphotungstic acid, and (D) Au-peptide—
IgY stained by phosphotungstic acid. (E) Control particles: commercial AuNPs
stained by phosphotungstic acid.

show an average diameter of 9.5 £+ 0.3 nm in a good agreement
with the 10 nm nominal particle size given by the manufacturer.
In solution, these particles also tend to aggregate, as confirmed
by preliminary light scattering experiments. After modification
of AuNP with mercaptohexadecanoic acid (MHDA), the average
particle diameter (9.6 + 0.3 nm) remained nearly the same
(Fig. 2B and 3B) which is consistent since the organic layer is
not visible in TEM. AuNP-peptide and AuNP-peptide-IgY were
stained with 0.5% phosphotungstic acid so that their surface
layers could be visualized. Here, particles with no aggregation
and a larger diameter than the AuNP-peptide were specifically
sought out for imaging so that we could characterize the sizes of
particles assumed to be AuNP-peptide-IgY. Significant aggre-
gation on the TEM grids did not allow counting of different
particle types. The somewhat larger diameter of AuNP-peptide
particles (13.9 £+ 0.8 nm; Fig. 2C and 3C) corresponds to the
thickness of a peptide monolayer (~4.5 nm). The peptide film
appears as a white halo around each particle in Fig. 2C. The
halos around AuNP-peptide-IgY in Fig. 2D are thicker and less
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Fig. 3 Particle size distribution of 110 nanoparticles for (A) commercial AuNPs,
(B) AUNP-MHDA, (C) AuNP-peptide, and (D) Au-peptide-IgY.
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uniform in agreement with the larger average diameter (15.1 +
1.4 nm) and higher polydispersity (Fig. 2D and 3D) of these
particles. (Control experiments confirmed that the halos were
not produced by phosphotungstic acid itself. TEM images of Au
nanoparticles pretreated with PTA with neither peptide nor
antibodies attached to them exhibited no halo (Fig. 2E).)

Zeta potentials were measured for the same four types of
particles (Table 1). The highest negative value (—52 mV) was
obtained for citrate-stabilized AuNPs, while AUNP-MHDA in the
presence of Tween-20 exhibited a very small value —4.9 mvV.
Without Tween-20, the {-potential of AuNP-MHDA was some-
what higher (—18 mV), but the surfactant had to be added to
avoid aggregation of these particles. The {-potential of AuNP-
peptide-IgY was slightly less negative than that of AuNP-
peptide.

Characterization of nanopipettes

The pipette radius was determined from voltammetry at the
ITIES performed in the following cell:

Ag|10 mM THATPB + IlmM TBACIO4/|15 mM NaCl |[AgClAg
DCE pipette

()

Fig. 4 shows a typical voltammogram for perchlorate transfer
across a water-1,2-dichloroethane (DCE) interface formed at the
tip of a quartz nanopipette. With a non-silanized pipette, the
diffusion limiting current follows eqn (2):**

iqg = 3.357tzFDac 2)

where F is the Faraday constant, ¢, D and z are the concentra-
tion, diffusion coefficient, and charge of the transferred ion,
respectively, and a is the pipette radius. With D = 8 x 10® cm?
s~ measured for ClO,~ in DCE using larger (i.e., micrometer-
sized) pipettes, a = 25 nm was calculated from Fig. 4 using eqn
2).

The pipette angle, § can be determined in two different
ways—from resistance measurements*“ and by common ion
voltammetry.?®” The pipette resistance was found from the
current-voltage (i-V) curves recorded in aqueous solution con-
taining 15 mM NaCl and 10 mM phosphate buffer (PB; the same
solution was used in our resistive-pulse experiments). With a
relatively large nanopipette (e.g., a > ~100 nm; Fig. 5A), the i~V
curves were essentially linear, and the total resistance, R, could
be extracted from the slope. i~V curves obtained with smaller
pipettes were non-linear because of current rectification

Table 1 {-potentials of different nanoparticles

Particle {-potential Solution
Citrate-stabilized AuNP —52 mV 10 mM PB (pH 7) +
15 mM NaCl
AUNP-MHDA —4.9 £ 2.9 mv 10 mM PB (pH 7) +
Tween-20
AuNP-peptide —32.3 + 1.1 mV 10 mM PB (pH 7)
AuNP-peptide-IgY —25.4 £ 0.4 mV 10 mM PB (pH 7)

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Steady-state voltammogram of ClO,~ transfer across the DCE-water

interface obtained with a 25 nm-radius pipette in cell 1 with the potential sweep

rate of 50 mV s~

(Fig. 5B);** whereas an essentially linear part of such a curve
recorded at low applied voltages (e.g., £20 mV; the inset in
Fig. 5B) was used for determining R. The total pipette resistance
comprises two components, R = Rjn¢ + Rext, L. €., the resistances
of the inner and outer solutions. Assuming that the pipette
orifice is disk-shaped, R.y is entirely determined by its radius
and solution conductivity (), Rexe = 1/(4ka).”” 6 was evaluated
from the internal pipette resistance (Rj,; = R — Rex) Using a
simple analytical approximation®*

R; = l/kmatan 6 3)

The conductivity of 0.1 M KCl is 1.29 Q" m ™, while that of
the buffer solution (15 mM NaCl + 10 mM PB) is 0.294 Q"' m™,
which was measured by comparing the resistance of these two
solutions obtained with the same large pipettes (3 to 20 pm
radius). The geometric parameters and resistances found for
several pipettes are summarized in Table 2.
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Fig.5 /-V curves obtained for nanopipettes in 15 mM NaCl + 10 mM PBS (pH 7)
a, nm = 103 (A) and 12 (B). The inset in B shows the linear part of the i~V curve.
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Table2 Geometric parameters and resistances of pipettes used in resistive-pulse
experiments

a, nm R, GQ 9, °
11 1.05 5.8
12 0.80 71
14 0.60 8.2
17 0.55 7.3
54 0.027 11.0

These geometric parameters were used to evaluate the suit-
ability of a given pipette for detecting particles with a specific
radius, .. The question here is what relative change inion current
(Ailiy) and translocation time (7, ie., the width at half pulse
height) can be expected when such a particle enters a pipette with
the radius a and angle 6? To our knowledge, no theory is available
in the literature for particle translocation through the pipette tip.
Comprehensive numerical modeling of the translocation of
spherical particles through conical-shaped nanopores was
reported recently.”® However, the model in ref. 28 did not include
electroosmosis, which was found to be insignificant because of
high particle mobility. In our case, the effect of electroosmosis
may be more important (see below) and especially difficult to
model exactly. Instead, we modified the approximate analytical
model previously developed for a spherical particle translocation
through a conical nanopore” and its slightly refined version,* in
which the shape of the current pulse was calculated. Unlike the
treatments in ref. 7 and 29, we used the measurable 6 value
instead of the radius of the larger pore orifice, which is not
available for a nanopipette (see ESIT). Another important differ-
ence is that we determined a independently from ITIES voltam-
metry rather than calculated from pipette resistance. Although
this simplified model does not take into account electroosmosis,
NP interactions with glass surface, and double-layer effects, it is
suitable for predicting the magnitude of a current pulse and for
semi-quantitative analysis of its shape and duration.

The current-time pulses were calculated for the trans-
location of nanoparticles through pipettes with different a and 6
values as shown in Fig. 6. Although, the radius of the transfer-
able particle has to be smaller than that of the pipette, the larger
the rp/a the larger the change in pipette resistance and hence Ai/
io (Fig. 6A). For a given ry/a, the larger the ¢ the larger the
resistive-pulse signal, as shown in Fig. 6B. Using 15 mM NaCl +
10 mM PB solution, the range of i, in our experiments (below)
typically was 100 pA < i, <1 nA, depending on a and the applied
voltage. With a typical level of noise in our experiments of ~1 pA
and the required signal/noise ratio of =3, the smallest detec-
tible Ai,ay/io is on the order of 0.01. From Fig. 6A, one can see
that a pipette with the radius a and a typical 4 value of 10° must
be suitable for the detection of particles with a/2 = r, < a.
Particles with a/4 < r, < a/2 may be harder to detect (this
depends on the i, value); and particles with r, = a/4 are almost
certainly undetectable. The lower limit for r,/a is significantly
higher with § = 5°, and lower with § = 15° (Fig. 6B). By adjusting
the pulling program, the pipettes with suitable geometry were
fabricated and characterized before resistive-pulse experiments.
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Fig. 6 Calculated change of current over normalized transferred distance for (A)
different r,/a values: 1/2 (red), 1/3 (green), and 1/4 (black), and 6 = 10°; and (B)
different 6: 5° (black), 10° (green), 15° (red), and ry/a = 1/2.

Translocation of citrate-stabilized Au nanoparticles (AuNP)

The translocation of citrate-stabilized AuNP was used as a
model system to explore basic features of current pulses
obtained with nanopipettes. Fig. 7A shows a typical current-
time recording for the translocation of 10 nm AuNPs through a
28 nm-diameter pipette. Unlike a background trace I obtained
with no nanoparticles added to the external solution, a number
of pulses with the current changes much larger than the noise
level can be seen in trace II. With the r,,/a value close to 1/3, Ai/i,
is expected to be ~0.01. Thus, smaller current blockages
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Fig. 7 Current-time recordings obtained with a (A) 28 nm-diameter and (B) 32
nm-diameter pipette ina 15 mM NaCl + 10 mM PB (pH 7). (A) Solution contained:
0 (trace l) and 2 nM (trace Il) of 10 nm-diameter AuNP; V=150 mV. io = 156 pA (1)
and 134 pA (Il). (B) Solution contained: 0 (I) and 1.8 nM (II, Ill) of AuNP-peptide.
V=100 mV (I, Il and —100 mV (lll). iy = 222 pA (1), 233 pA (II) and —363 pA (Ill).
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correspond to the translocation of individual AuNPs, while
larger spikes are likely to be produced by the particle dimers,
which are sufficiently small to penetrate through the 28 nm
pipette orifice.

Trace II in Fig. 7A is a part of a series of recordings (the total
recording time was 12 min) from which the average spike
density was found to be ~0.5 events per s. The comparison of
this number to the diffusional flux of AuNPs to the pipette
orifice can provide information about the rate-determining step
of the overall translocation process. The consecutive steps of
this process are the transport of particles to the pipette orifice in
the external solution, the ingress of particles into the pipette,
and the transport inside the narrow shaft of the pipette. The
diffusional flux of electrically neutral particles to the pipette
orifice is given by eqn (4)

flux = xDyepa 4

where x is a function of ry/a (r is the outer wall radius in
Fig. 1B; ry/a = 1.5 for a typical glass or quartz pipette,* cor-
responding to x = 5); D, and ¢, are the diffusion coefficient
and concentration of AuNPs, respectively. Although AuNPs are
negatively charged, the contribution of migration to their flux
in the external solution should be small because of a high
concentration of supporting electrolyte in solution and a nm-
range pipette radius,®® and the flux of charged particles can
still be evaluated from eqn (4). In Fig. 7A, ¢, = 1.2 x 10"
particles per cm®, @ = 14 nm, and D, = 2 x 10’ cm” s~ ' can
be estimated for a 10 nm-diameter particle from the Stokes-
Einstein equation at 20 °C. The resulting flux is ~2 particles
per s, which is consistent with the 0.5 events per s extracted
from the experimental data. Better agreement can be achieved
if one takes into account the finite size of a AuNP, which is
comparable to the radius of the pipette aperture. Unlike an ion
or a small molecule, which can enter the much larger pipette
anywhere within its orifice, a nanoparticle has to come in
sufficiently close to the pipette center to avoid the collision
with the outer wall. For example, in Fig. 7A (trace II), a 10 nm-
diameter spherical AuNP could enter the 28 nm pipette only if
the radial distance between the particle center and the pipette
center was =9 nm (otherwise, the particle would hit the pipette
wall instead of getting inside). Therefore, the apparent orifice
radius available for the particle ingress is only 9 nm, and this
value (rather than @ = 14 nm) should be substituted in eqn (4),
yielding the flux value of ~1 particle per s. (Although this
number is reasonably close to the experimentally found
frequency of blockages, the presented analysis is not strictly
quantitative because of the size polydispersity of AuNPs; cf:
Fig. 3. Another factor that may have decreased the observed
frequency of translocations is the possibility of a NP being
bounced back after partially penetrating into the pipette.) In
contrast, the average pulse duration in the same set of data
was ~1 ms, suggesting that ~1000 particles per second could
translocate through the pipette if their transport inside the
pipette rather than diffusion in the external solution were the
rate limiting step (see ESIT for the discussion of the blockage
duration).

This journal is © The Royal Society of Chemistry 2013
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It is important to note that current blockages by AuNPs were
observed only when a positive potential (e.g., +150 mV in
Fig. 7A) was applied to the reference electrode inside the pipette
with respect to the external reference. This indicates that the
translocation of negatively charged AuNP is driven by electro-
phoresis rather than simple diffusion of particles through the
pipette narrow shaft or electroosmosis. Moreover, the direction
of the electroosmotic flow in this case was opposite to that of
the electrophoresis.

Translocation of peptide-modified gold nanoparticles

The nanopipette methodology was used to develop a resistive-
pulse sensing platform for the detection of antipeanut allergen
antibodies. To attain selective detection of IgY, peptide modi-
fied 10 nm gold nanoparticles (AuNP-peptide) were prepared
using a two-step process, as described in the Experimental
section. Trace II in Fig. 7B shows an example of a current-time
recording obtained with AuNP-peptide. The frequency of spikes
was 1.2 events per s for 1.8 nM AuNP-peptide, that is similar to
~1.7 particles per s value estimated from diffusion flux [eqn (4)].
As discussed above, a better agreement can be achieved by
correcting for the finite particle size. The spikes in Fig. 7B are
more uniform that those in Fig. 7A because Au-peptide dimer
particles are too large to penetrate a 32 nm pipette orifice.
Similarly to bare AuNP, the translocation of AuNP-peptide is
driven by electrophoresis. Trace III in Fig. 7B was recorded at
V = —100 mV. No current pulses were found, indicating that no
AuNP-peptide particle transfer at a negative potential.

Pipettes with different diameters were used to detect the
polydispersity of Au-peptide particles due to their crosslinking
by peptide molecules. Fig. 8 shows scatter plots of AuNP-
peptide translocation experiments with three different pipettes
(rows 1, 3 and 5 in Table 2). As discussed above, only single Au-
peptide particles (rather than dimers or other aggregates) can
enter either 22 nm or 28 nm-diameter pipette. The Aiyax/io for a
given pipette is largely determined by the r,,/a value (see ESIT for
more details). Since both pipettes probed the same collection of
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Fig. 8 Scatter plots of the normalized maximum current change versus peak
width for AuUNP-peptide translocation experiments with three different pipettes.
Pipette diameter (nm): 108 (triangles) 28 (diamonds), and 22 (circles). The applied
voltage (mV) was: 200 (green; total recording time 24.3 min), 300 (red; 40 s), 800
(purple; 8 min) and 900 (orange; 15.3 min). For other parameters, see Fig. 7.
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Au-peptide particles (with the size distribution given by
Fig. 3C), it is intuitive that the extent of blockage should be
larger for a smaller pipette. Accordingly, Aiy,../io values ranged
from 0.023 to 0.156 for the 22 nm pipette (circles) and from
0.006 to 0.045 for the 28 nm pipette (diamonds). The possibility
of sizing nanoparticles by resistive-pulse measurements with
nanopores based on the relationship between the blockage
magnitude and particle size was shown recently.** Here, the
particle diameter ranges extracted from the recordings obtained
with two pipettes are somewhat different, i.e., from 9.4 nm to
17.9 nm (28 nm pipette; mean NP diameter, 13.8 nm) and 12.4
nm to 19.7 nm (22 nm pipette, mean NP diameter, 16.1 nm). By
comparing with the particle size shown in Fig. 3, those particles
could be bare Au (9.5 nm), Au-MHDA (9.6 nm) or Au-peptide
(13.9 nm) or Au dimers (19.0 nm). The average pulse width was
longer for the 22 nm pipette (1.06 ms) than for the 28 nm
pipette (0.82 ms) because of the smaller applied voltage (200 mV
vs. 300 mV) and larger rp/a; the latter factor was especially
significant for particle diameters larger than ~15 nm.

Two scatter plots obtained with a much larger pipette (108
nm-diameter; triangles) are totally different from other data in
Fig. 8. This pipette was too large to detect single AuNP—peptide
species, so the recorded pulses must be due to dimers and other
aggregates. The Aiy,/ip values range from 0.004 to 0.027, which
correspond to the particle diameters between 29.6 nm and 56.0
nm, according to the developed theory (ESIT and Fig. 6). As
expected, there is no significant difference between the average
magnitude of current blockages in the recordings obtained with
this pipette at 800 mV (purple) and 900 mV (orange); however
the mean pulse width is larger at a lower applied voltage (4.9 ms
vs. 3.5 ms), further indicating that the translocation was driven
by electrophoresis. Despite higher applied voltage, the trans-
location of particle aggregates was slower than that of single
AuNP-peptide monitored by smaller pipettes.

Translocation of AuNP-peptide-IgY

The current-time recordings for AuNP-peptide-IgY trans-
locations (Fig. 9) are completely different from the aforemen-
tioned data. In contrast to the current blockages observed at
positive potentials in Fig. 7A and B, with AuNP-peptide-IgY the
current pulses were found only at negative potentials applied to
the inner reference electrode (e.g., —200 mV in Fig. 9B), and the
direction of the pulse was reversed from that of the other
particles. We observed this behavior using several pipettes of
different diameters, AuNP-peptide-IgY from two different
batches, and different pH values (7.0 and 9.5; data for pH 9.5
not shown). Since the {-potential of AuNP-peptide-IgY is

Fig.9 Current-time recordings for a 28 nm-diameter pipette ina 15 mM NaCl +
10 mM PB (pH 7) solution containing (I) 0 and (I) 1 nM of Au-peptide-IgY
particles. V = —200 mV. i = —655 pA (1) and —545 pA ().
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negative, the translocation of these particles at negative voltages
indicates that electroosmosis dominates over electrophoresis,
and the translocation direction is electroosmotic. One reason
for this difference is a less negative {-potential of AuNP-
peptide-IgY as compared to AuNP-peptide and AuNP (Table 1).
Even with bare AuNPs, the electroosmosis significantly affected
the particle transport inside the pipette, resulting in a lower
effective mobility. As demonstrated by Firnkes et al,** the
translocation direction of protein molecules through nanopores
is determined by the difference of {-potentials, AL = {particle —
pore; Which in ref. 32 was ~10 mV. The change in the voltage
sign between AuNP-peptide-IgY and AuNP-peptide ({pore Was
the same for both particles, and the {paricie 0f AUNP-peptide-
IgY is 7 mV less negative) is qualitatively in line with the results
in ref. 32. Quantitative analysis of this phenomenon is difficult
because of the complicated structure of AuNP-peptide-IgY, and
additional factors (e.g., nonuniform charge distribution on the
particle) should also contribute to it along with the {-potential
value.

The resistive pulses produced by AuNP-peptide-IgY trans-
location that reflect increases in the absolute value of the ion
current is a striking feature, as opposed to the current decrease
in Fig. 7A and B. Positive A7 have previously been observed in
resistive-pulse experiments, and the increase in current during
the translocation event was attributed to the charge on the
particle itself'® and the motion of the counterions.'®” In the
present case of antibody detection, the change in direction of
the current pulse and the change in voltage sign when antibody
is bound to the particle is an analytical advantage, and the
AuNPs with bound IgY should be readily distinguishable from
those without IgY. These major differences between current
pulses produced by antibody-conjugated particles and either
bare Au or Au-peptide nanoparticles confirmed the feasibility of
selective resistive-pulse sensing of antibodies with nano-
pipettes. Importantly, the recordings obtained with AuNP-
peptide showed no current pulses at negative applied voltages
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Fig. 10 Current pulses obtained in solutions containing (A and C) AuNP-
peptide, (B) Au-MHDA, and (D) AuNP-peptide-IgY. (B) Experimental (black) and
theoretical (red) current-time pulses for the translocation of a Au-MHDA through
a 34 nm-diameter pipette.
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(trace III in Fig. 7B), indicating that the spikes in Fig. 9 can only
be attributed to AuNP-peptide-IgY.

Shapes of current pulses

Representative current pulses obtained with different types of
particles are shown in Fig. 10. Asymmetrical spikes with the
sharp initial decrease in current followed by a slow relaxation
(“tail”) were most often observed with both AuNP-peptide
(Fig. 10A) and Au-MHDA (Fig. 10B). The pipette resistance,
which is largely determined by that of its tapered narrow shaft,
increases sharply when the particle enters the pipette and then
decreases slowly. This kind of pulses were previously shown to
give good fits to simulated data®® and approximate theory
developed for electrophoretic transport in the nanopores.*®
Using an approximate model for a nanopipette (see ESIf), a
good fit between the theory and the experimental pulses was
obtained in Fig. 10B with a single adjustable parameter, effec-
tive mobility (u). Notice however that 4 = 1.8 x 10 m*V *s™*
obtained from the fit is at least an order of magnitude lower
than the electrophoretic mobilities measured previously for
similarly sized particles. This would be consistent with an
extremely low value of {-potential (<1 mV). This finding points
to the significant effect of the electroosmotic flow, whose
direction is opposite to that of the electrophoresis, resulting in
the diminished value of the effective mobility.**

Bipolar pulses with a larger magnitude negative peak (Ai < 0)
and a small positive spike (Fig. 10C) were also observed with
both AuNP and AuNP-peptide. Such pulses previously reported
in the literature, have been recently simulated for the nanopore
translocation.® The peak width of positive (Ai > 0) pulses
obtained with AuNP-peptide-IgY varied from relatively short
(~1 ms) to quite long (~10 ms; Fig. 10D), which may be due to
the combination of the slow electroosmotic flow and stronger
interactions of IgY-modified particles with the pipette wall. Our
understanding of the conductivity enhancement mechanism is
incomplete because of the complicated structure of AuNP-
peptide-IgY and difficulties in describing its interactions with
the nanopipette surface. A more sophisticated model is needed
for quantitative analysis of the pulse shape in this case.

Conclusions

We developed nanometer-sized pipettes as a platform for
resistive-pulse sensing. Thorough characterization of the
pipette size and geometry helps establish the relationship
between the particle size and the expected pulse magnitude for
a given pipette. The correspondence between frequency of the
recorded single particle events and the diffusion current of
particles to the orifice suggests the possibility of quantitative
determination of analyte species in solution.

The new nanopipette-based approach was used for label-free
detection of peptide-modified particles and antibodies attached
to them. The possibility of probing mixtures of differently sized
analytes was also revealed. The current pulses produced by
antibody-conjugated particles and either bare Au or Au-peptide
nanoparticles occurred at different translocation voltages
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(positive for AuNP and AuNP-peptide vs. negative for AuNP-
peptide-IgY) and exhibited opposite signs of Ai. These major
differences are essential for selective resistive-pulse sensing of
antibodies with nanopipettes. If this behavior is common to
other protein-modified nanoparticles, the developed sensing
platform can be useful for detecting other types of antibodies
and protein biomarkers.

In most reported resistive-pulse experiments, selective
detection of biomolecules was achieved by functionalizing the
nanopore (e.g., by immobilizing antibodies on its surface?). In
our study, the analyte (IgY) was selectively captured offline
using peptide modified gold nanoparticles. After the analyte
capture, the particles can be washed to remove potential inter-
ferences and avoid complex mixtures.*® In this way, selective
resistive-pulse sensing of biomolecules can be attained using
simple glass or quartz pipettes without laborious surface
modification procedures. This approach can also help to avoid
other experimental issues that hinder resistive-pulse sensing in
biological media, such as clogging and non-specific adsorption
of proteins.

Experimental
Chemicals and materials

The following chemicals were used as received: sodium chlo-
ride, 1,2-dichloroethane (DCE), N-hydroxysuccinimide (NHS),
mercaptohexadecanoic acid (16-MHDA), 1-(3-(dimethylamino)-
propyl)-3-ethylcarbodiimide hydrochloride (EDC), and sodium
tetraphenylborate (NaTPB) from Sigma-Aldrich; monosodium
phosphate and disodium phosphate from J.T. Baker Chemical;
tetrahexylammonium chloride (THACI) and tetrabutylammo-
nium perchlorate (TBACIO,) from Fluka. Tetrahexylammonium
tetraphenylborate (THATPB) was prepared by metathesis of
NaTPB with THACI and recrystallized from acetone. Aqueous
solutions were prepared from deionized water (Milli-Q, Milli-
pore Co.). 10 mM sodium phosphate buffer (PB) solution at pH
7.0 either with or without 1.8 mg mL™" Tween-20 was prepared
and used for surface modification of gold colloids.

Citrate-stabilized, 10 nm diameter (as specified by the vendor)
Au nanoparticles (5.7 x 10'? particles per mL, i.e., ~9.5 nM) were
purchased from Ted-Pella Inc. The stock solution was diluted to
the desired concentration in 15 mM NaCl + 10 mM PB. Affinity-
purified chicken antipeanut antibodies (IgY) were from Immu-
nology Consultants Laboratory Inc. Peptide fragment of Ara h 2-2
(H,N-QSPSYPDREYSDEDRQIKQMLHQECPRL-CONH,)  was
synthesized by Anaspec Inc.

Preparation of gold AuNPs modified with 16-MHDA (AuNP-
MHDA)

Gold colloids were modified with 16-MHDA according to
previously reported procedures.*® Briefly, 1400 pL of 10 nM gold
colloid (Ted-Pella Inc) was centrifuged at 13 000 rpm for 90 min.
The resultant gold colloid pellet was then reconstituted in 400
uL of deionized water. Equal volume of 10 mM pH 7.0 PB with
Tween-20 (PB-T) was added to the AuNP solution and allowed to
incubate for 30 min. Then, 400 pL of degassed 0.5 mM ethanol
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solution of 16-MHDA was added and allowed to incubate for 3 h.
Next, the nanoparticle solution was centrifuged for 2 h at 13 000
rpm. The resultant pellet was then washed with PB-T four times,
reconstituted in 400 pL of PB-T, and stored at 4 °C. The
prepared stock solution concentration was 22 nM, as deter-
mined by UV-Vis spectroscopy (not shown).

Surface conjugation of Ara h 2-2 peptide to AuNP-MHDA

A peptide sequence with active amine functional group was
conjugated to carboxylated gold nanoparticles by EDC-NHS
amine coupling.*® Briefly, 200 pL of AuNP-MHDA solution was
centrifuged at 13 000 rpm for 25 min, the resultant nanoparticle
pellet was reacted with 100 mM and 50 mM EDC-NHS in 10 mM
pH 7.0 PB for 10 min to activate carboxyl groups on AuNPs. After
the activation, the particles were washed with PB twice, and 360
uL of PB and 40 pL of 0.5 mg mL ™" Arah 2-2 peptide was added
to the washed pellet and incubated for 30 min. Centrifugation
and washing steps were performed thrice to remove any
unbound peptide, and AuNP-peptide conjugate was subse-
quently reconstituted in 200 pL of PB. The stock solution
produced in this way contained 22 nM AuNP-peptide.

IgY capture by AuNP-peptide

Different concentrations of IgY were allowed to react with
AuNP-peptide conjugate to form AuNP-peptide-IgY. Typically,
200 pL of AuNP-peptide in 520 pL of PB was allowed to react
with 80 pL of 1 ng mL~" IgY in PB for 60 min in a small
centrifuge tube using a mixer. For TEM, 100 ng mL " IgY was
used. The obtained AuNP-peptide-IgY were then separated by
centrifugation at 13 000 rpm for 2 min and washed with PB.

Characterization of transferrable particles

Transmission electron microscopy (TEM) was used to charac-
terize the size distribution of particles. TEM was performed with
Tecnai TEM at 80 kV accelerating voltage (340 000x magnifi-
cation). The TEM grids were glow discharged in plasma cleaner
(model PDC-32 G, from Harrick Plasma) prior to mounting
samples on the carbon type-A grid (Ted Pella, Inc). Glow
discharge treatment of TEM grids with air removes adsorbed
hydrocarbons and makes a TEM grid carbon film surface
negatively charged (hydrophilic), which allows aqueous solu-
tions to spread easily. Samples (3 uL) were placed on carbon
grids and dried under air for a 30 min. The samples were Au
colloids (2x diluted, pH 7.0), MHDA AuNP (10x diluted, pH 7),
Au-peptide (3.5x diluted, borate buffer pH 9.5), Au-peptide-
IgY (100 ng mL ") (borate buffer pH 9.5). The sample grids were
washed several times with deionized water to wash off the
buffer. To negatively stain peptides and proteins, 0.5% phos-
photungstic acid was added on the Au-peptide and Au-peptide-
IgY sample grids and allowed to adsorb for 1 min, followed by
several washings to wash off unadsorbed stain.

The stability and modification of gold nanoparticles were
monitored using zeta potential analysis. Zeta potential
measurements of modified Au nanoparticles were performed

using ZetaPlus Zeta potential analyzer (Brookhaven
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Instruments Corporation, Holtsville, NY). The reported zeta
potential values were obtained by averaging 5 readings.

Nanopipette preparation and voltammetry at the ITIES

Borosilicate or quartz capillaries (0.d./i.d. ratio of 1.0/0.58 and
1.0/0.70, respectively; Sutter Instrument Co., Novato, CA) were
cleaned in piranha solution (3 : 1 H,SO,~H,0,, v/v; caution! this
solution is a very strong oxidizing agent and very dangerous to
handle in the laboratory. Protective equipment including gloves,
goggles, and face shields should be used at all times), rinsed with
copious amount of deionized water and kept in furnace over-
night. Nanopipettes were fabricated by pulling cleaned capil-
laries with a laser-based pipette puller (P-2000, Sutter
Instrument Co.)."*** Representative pulling parameters for
pulling quartz capillaries are HEAT = 760, FILAMENT = 4,
VELOCITY = 29, DELAY = 140, PULL = 168.

The pulled pipettes were backfilled with aqueous solution
containing 10 mM PB and 15 mM NacCl using a 10 pL syringe
and immersed in 1,2-dichloroethane (DCE) solution containing
1 mM TBACIO,. A 0.25 mm silver wire coated with AgCl was
inserted into each pipette from the back. A two-electrode setup
was employed with another 0.25 mm Ag wire serving as an
organic reference electrode. Steady-state voltammograms were
obtained using a BAS 100B/W electrochemical workstation
(Bioanalytical Systems, West Lafayette, IN).

Resistive-pulse experiments

The pipette filled with 15 mM NaCl and 10 mM PB was dipped
into the same aqueous solution containing nanoparticles of
interest. A Multiclamp 700B amplifier (Molecular Devices
Corporation, CA) was used in the voltage-clamp mode to apply
voltage between the Ag/AgCl reference electrode inside the
nanopipette and the external Ag/AgCl reference facing the
pipette orifice and to measure the resulting current. The signal
was digitized using a Digidata 1440A analog-to-digital converter
(Molecular Devices) at a sampling frequency of 100 kHz. A low
pass filter with 1-10 kHz bandwidth was used. The recordings
with higher filter frequency, e.g., 20 kHz, as well as with no
filtering were obtained in control experiments to verify that
shorter current pulses have not been missed or filtered out. The
data were recorded and analyzed using pClamp 10 (Molecular
Devices).
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