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Abstract: We have been investigating an electrochemical single-molecule counting experiment called
nanopore resistive-pulse sensing. The sensor element is a conically shaped gold nanotube embedded in
a thin polymeric membrane. We have been especially interested in counting protein molecules using these
nanotube sensors. This is accomplished by placing the nanotube membrane between two electrolyte
solutions, applying a transmembrane potential difference, and measuring the resulting ionic current flowing
through the nanopore. In simplest terms, when a protein molecule enters and translocates the nanopore,
it transiently blocks the ion current, resulting in a downward current pulse. We have found that the duration
of such current-pulses are many orders of magnitude longer than the electrophoretic transport time of the
protein through the nanotube detection zone. We develop here a simple model that accounts for this key,
and previously explained, observation. This model assumes that the protein molecule engages in repeated
adsorption/desorption events to/from the nanotube walls as it translocates through the detection zone.
This model not only accounts for the long pulse duration but also for the triangular shape of the current
pulse and the increase in the standard deviation of the pulse duration with increasing protein size.
Furthermore, the results of our analyses are in general agreement with results obtained from other
investigations of protein adsorption to surfaces. This includes the observations that smaller proteins stick
more readily to the surface but remain adsorbed for shorter times than larger proteins. In addition, the
sticking probabilities calculated from our data are in general agreement with results obtained from other

methods.

Introduction

There is increasing interest in an electrochemical single-
molecule counting experiment called nanopore resistive-pulse
sensing.* > In this experiment, a membrane containing a

synthetic® 32 or biological®**~>® nanoporeis placed between two
electrolyte solutions, a transmembrane potential difference is
applied, and the resulting ionic current flowing through the
nanopore is measured. The analyte species could be a small
molecule,?® a single-stranded® or double-stranded DNA,® or
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Figure 1. (A) Schematic of the PEG-functionalized conical gold nanotube sensor element showing the base-opening and tip-opening diameters used in
these studies. Not to scale. (B) Electron micrograph of such sensor elements after removal from the PET membrane. Note that in the sensing experiment,
the nanotube is left embedded in the PET membrane, but it was removed here so that it could be imaged.

a protein or protein complex.?” In simplest terms, when the
analyte enters and trand ocates the nanopore, it transiently blocks
theion current, resulting in a downward current pulse. In this
way, single-molecule pore-translocation events are counted as
individual current pulses. The frequency of these current-pulse
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events is proportiona to the concentration of the anayte, and
the identity of the analyte is encoded in the current-pulse
signature, as defined by the average magnitude and the duration
of the current pulses 3

While deceptively simple, there is much we currently do not
understand about this experiment. For example, while downward
current pulses are typically obtained, in some cases upward
current-pulse events are observed.®5”*8 |n addition, while cur-
rent pulse durations in the 10s of millisecond range or shorter
are most often observed, there are examples of current pulses
that last in excess of a second. Such was the case in our recent
study of a protein and its antibody complexes using a conical
nanotube sensor.?’ Pulses for the free protein, bovine serum
albumin (BSA), had an average duration of 0.5 s, and when
the antibody anti-BSA was added, the pulse length increased
to greater than 2 s. We a so found that the average pulse duration
scaled with the size of the protein—antibody complex and that
the standard deviation of the average aso increased with
complex size.

Aswe will show here, such very long-duration pulses cannot
be explained in terms of a transport time associated with
diffusional or electrophoretic transport of the protein through
the nanotube sensing element. Some other factor is determining
the magnitude of the pulse duration in this experiment, and in
order to probe what this factor might be, we have conducted
resistive-pulse experiments on a number of different proteins
of differing size and charge. As before, the sensor element was
a poly(ethylene glycol)(PEG)-functionalized®®° conical gold
nanotube®® prepared by the track-etch method®* %2 in a poly-
(ethylene terephthalate) (PET) membrane (Figure 1). Again, we
observed current pulses with average durationsin excessof 1 s
and with standard deviations that increase with the size of the
protein. We have proposed a simple model that accounts for
these key observations. This model assumes that the protein
molecule engages in repeated adsorption/desorption events to/
from the nanotube wall as it translocates through the detection
zone?*®* in the tip of the nanotube sensor.

This model not only accounts for the long pulse duration but
also for the triangular shape of the current pulse and the increase
in the standard deviation of the pulse duration with increasing
protein size. Furthermore, the results of our analyses are in
general agreement with results obtained from other investiga-
tions of protein adsorption to surfaces.®®>~"° This includes the
observations that smaller proteins stick more readily to the
surface but remain adsorbed for shorter times than larger
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proteins.®>~%° In addition, the sticking probabilities cal culated
from our data are in general agreement with results obtained
from other methods.”® We report the results of these investiga-
tions here.

Experimental Section

Materials. Bovine serum albumin (BSA, MW 66 kDa), phos-
phorylase B (MW 97.4 kDa), and [3-gal actosidase (MW 116 kDa)
were obtained from Sigma Aldrich. Poly(ethylene terephthal ate)
(PET) membranes, 12 um thick, which contained a single heavy-
ion induced damage track, were obtained from GSI (Darmstadt,
Germany). A thiolated poly(ethylene glycol) (PEG-thiol, MW 5
kDa) was obtained from Nektar (Huntsville, AL). All other
chemicas were of reagent grade and used as received. Purified water
(obtained by passing house-distilled water through a Barnstead,
E-pure water purification system) was used to prepare all solutions.

Pore Etching and Nanotube Preparation. The same cell was
used for etching, electrochemical determination of the dimensions
of the pore, and resistive-pulse experiments.®? It is a two-
compartment Kel-F cell in which the PET membrane separates the
two half-cells. The damage track in the PET membrane was
chemically etched into a conically shaped pore using the two-step
etching method described in detail previously.® Conically shaped
nanopores and tubes have two openings, the large-diameter (or base)
opening at one face of the membrane and the small-diameter (or
tip) opening at the opposite face (Figure 1A). We have shown that
the two-step etching method provides for excellent reproducibility
in both the tip and the base diameters.®? Pores with base diameters
of 520 nm, as determined by electron microscopy,®? were used.

The diameter of the tip opening was determined using an
electrochemical method®* described in detail in our prior work.?324
Briefly, the membrane containing the single conical nanopore was
mounted in the cell, and an electrolyte solution of measured
conductivity was placed on either side of the membrane. For these
studies, this solution was 1 M KCI, pH 6, with a measured
conductivity of 10 S/m. A current—voltage curve was obtained,
the slope of which is the ionic conductance of the electrolyte-filled
nanopore. The conductance is used to calculate the diameter of the
tip opening.*246! The nanopores used for these studies had tip
diameters before deposition of the gold nanotube (vide infra) of
50 nm.

The electroless-plating method described previously was used
to deposit the conically shaped gold nanotube (Figure 1) within
the pore.” Electroless plating also yields gold surface films covering
both faces of the membrane. Our prior work showed that these
gold surface films cause an unwanted double-layer charging

(53) Méller, A.; Nivon, L.; Branton, D. Phys. Rev. Lett. 2001, 86, 3435—
3438.

(54) Deamer, D. W.; Branton, D. Acc. Chem. Res. 2002, 35, 817-825.

(55) Bezrukov, S. M.; Kullman, L.; Winterhalter, M. FEBS Lett. 2000, 476,
224-228.

(56) Kullman, L.; Winterhalter, M.; Bezrukov, S. M. Biophys. J. 2002,
82, 803-812.

(57) Zhe, J.; Jagtiani, A.; Dutta, P.; Hu, J.; Carletta, J. J. Micromech.
Microeng. 2007, 17, 304-313.

(58) Smeets, R. M. M.; Keyser, U. F.; Krapf, D.; Wu, M.-Y .; Dekker, N. H.;
Dekker, C. Nano Lett. 2006, 6, 89-95.

(59) Yu, S; Lee, S. B.,; Martin, C. R. Anal. Chem. 2003, 75, 1239-1244.

(60) Yu, S; Lee, S. B.; Kang, M.; Martin, C. R. Nano Lett. 2001, 1, 495—
498.

(61) Apel, P. Y.; Korchev, Y. E.; Siwy, Z.; Spohr, R.; Yoshida, M. Nucl.
Instrum. Methods Phys. Res., Sect. B 2001, 184, 337—-346.

(62) Wharton, J. E.; Jin, P.; Sexton, L. T.; Horne, L. P.; Sherrill, S. A,;
Mino, W. K.; Martin, C. R. Small 2007, 3, 1424-1430.

(63) Apel, P. Nucl. Instrum. Methods Phys. Res., Sect. B 2003, 208, 11—
20

(64) Lee, S,; Zhang, Y.; White, H. S.; Harrell, C. C.; Martin, C. R. Anal.
Chem. 2004, 76, 6108-6115.

(65) MacRitchie, F. J. Colloid Interface Sci. 1985, 105, 119-123.

(66) Fainerman, V. B.; Leser, M. E.; Michel, M.; Lucassen-Reynders, E. H.;
Miller, R. J. Phys. Chem. B 2005, 109, 9672-9677.

component to the current—voltage curve for that nanotube mem-
brane.>” For this reason, the gold surface films were removed by
scrubbing with an ethanol-wetted cotton swab. A current—voltage
curve obtained after plating was used to provide the diameter of
the tip opening of the resulting gold nanotube. The diameter of the
much larger base opening remained essentially unchanged after
plating.

PEG-thiol was then attached to the gold surfaces to suppress
nonspecific protein adsorption.?”*>%° However, as was reported
in our prior study,®” and as will be elaborated on here, protein
adsorption cannot be completely eliminated. The nanotube mem-
brane was immersed into a 0.1 mM solution of the PEG-thiol in
purified water at 4 °C for ~15 h. The membrane was then rinsed
in purified water, and the diameter of the tip opening was
remeasured. The tip diameters reported here are the diameters
measured after PEG functionalization. Nanotubes with tip diameters
of 17 and 23 nm were used for these studies.

Current-Pulse M easur ements. The membrane sample contain-
ing the PEG-functionalized conical gold nanotube was mounted in
the cell, and both haf cells were filled with ~3.5 mL of 10 mM
phosphate buffer solution (pH = 7.4) that was aso 100 mM in
KCl. A Ag/AgCI electrode (BAS, West Lafayette, IN) was placed
into each half-cell solution and connected to an Axopatch 200B
(Molecular Devices Corporation, Union City, CA) patch-clamp
amplifier. The Axopatch was used to apply the desired transmem-
brane potential and measure the resulting ion current flowing
through the electrolyte-filled nanotube. The current was recorded
in the voltage-clamp mode with a low-pass Bessel filter at 2 kHz
bandwidth. The signal was digitized using a Digidata 1233A analog-
to-digital converter (Molecular Devices Corp.) at a sampling
frequency of 10 kHz. Data were recorded and analyzed using
pClamp 9.0 software (Molecular Devices Corp.).

Unless otherwise stated, the applied transmembrane potential was
1V with polarity such that the Ag/AgCl anode was in the half-cell
solution facing the base opening and the Ag/AgCI cathode in the
solution facing the tip opening. Because the pl values of BSA,
phosphorylase B, and 3-gal actosidase are ~4.8,7% 5.8—6.3,”>"* and
~4.6,"® respectively, al the proteins have net negative charge in
the pH = 7.4 buffer used here. All proteins were added to the half-
cell solution facing the tip opening and driven electrophoretically
through the nanotube sensor from tip to base (Figure 1).

Results and Discussion

Steady-State Current and Current-Pulse Events for BSA,
Phosphorylase B, and f-Galactosidase. In the absence of protein
analyte, a steady-state ion current (no current-pulse events) of
~820 pA was observed for the PEG-functionalized nanotube
with tip diameter of 17 nm (Figure 2A). As discussed
previously,?324276% conjical nanopores and nanotubes have an
analyte-detection zone just inside the tip opening. When a
solution 100 nM in BSA was added to the half-cell facing the
tip opening, current-pulses associated with the electrophoretic
transport of BSA through the detection zone were observed
(Figure 2B). After sensing BSA, the nanotube sensor was
thoroughly rinsed and the steady-state ion current (no current-
pulse events) returned (Figure 2C). Solutions 100 nM in
phosphorylase B (PhB) and $-galactosidase (6Gal) were sub-
sequently sensed with the same nanotube sensor (Figure 2D ,E).
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Figure 2. Current—time transients for a PEG-functionalized conical nanotube sensor with tip diameter = 17 nm: (A) buffer only; (B) buffer plus 100 nM
BSA; (C) buffer only after sensing 100 nM BSA; (D) buffer plus 100 nM PhB; (E) buffer plus 100 nM Gal (applied transmembrane potential for A—E was
1000 mV); (F) buffer plus 100 nM BSA at an applied transmembrane potential of —1000 mV.

After further rinsing, these current-pulse events ceased and
the steady-state current with no events was restored. That these
current pulses are due to electrophoretic transport is supported
by the fact that when the polarity is reversed, no current pulses
are observed (Figure 2F). This is because, with this polarity,
the protein molecules are driven electrophoretically away from
the nanotube membrane. Aswill be discussed bel ow, the steady-
state current is higher (~2850 pA) at reversed polarity (Figure
2F vs Figure 2A) because after exposure to the proteins the
nanotube acts as an ion current rectifier.”®” 78

Close inspection of the current—time transients in Figure 2
reveals that the steady-state current (between pulses) in the
presence of 100 nM BSA (~1060 pA) is higher than the steady
current in the absence of BSA (~820 pA). When the BSA
solution was removed and replaced with buffer, the baseline
current decreased to ~860 pA but never returned to the lower
pre-BSA-exposure value. In the presence of 100 nM PhB and
100 nM SGadl, the steady-state current again rose to ~960 and
~910 pA, respectively. When these protein solutions were
removed and replaced with buffer, the baseline current decreased
again to ~860 pA.

The origins of this effect have been described in our prior
work.?” Briefly, the increase in steady-state current is a result
of protein molecules adsorbing to portions of the gold nanotube
walls that remain exposed under the PEG layer. Protein
adsorption introduces excess negative charge on the nanotube
walls. This causes the nanotube to function as an ion-current
rectifier.”®~"® Thision-current rectification phenomenon results
in alarge increase in current at negative potentials (Figure 2F)
and a slight increase at positive potentials (Figures 2B—E).

An expanded view of atypical current-pulse event for each
protein is shown in Figure 3. In al cases, the current pulse drops
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Figure 3. Expanded views of typical current pulses associated with tip-
to-base translocation of (A) BSA, (B) PhB, and (C) fGal. 100 nm protein.
Tip diameter =17 nm. Transmembrane potential = 1000 mV.

sharply and then tails upward with time.>” This shape reflects
the fact that the protein is driven into the tip, where it is most
effective at blocking theion current, and driven toward the base,
where it becomes less and less effective at blocking the current.?”
The current-pulse events can be characterized by the current-
pulse amplitude (Ai) and the current-pulse duration (7). Ai is
defined as the difference in current between the baseline and
the lowest current within a pulse, and 7 is defined as the time
interval between the precipitous drop and the time when the
current returns to the baseline value.?”

Scatter Plot and Histograms. In order to obtain average values
and standard deviations for the current-pulse amplitude and
duration, histograms of Ai and t were plotted for each protein
(Figures 4 and 5). The average Ai and 7 values and standard
deviations were obtained by fitting the histograms to a Gaussian
distribution (solid curves),*2737:50-52

As noted in the Introduction, the key objective of this study
was to investigate how protein size affects the current-pulse
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Figure 4. Histograms of current-pulse amplitude data: (A) 100 nM BSA; (B) 100 nM phosphorylase B; (C) 100 nM f-galactosidase. Solid curves are
Gaussian fits. Applied transmembrane potential = 1000 mV. Tip diameter = 17 nm.

signature. The hydrodynamic diameter for BSA, calculated from
the diffusion coefficient, is 6.8 nm.” The hydrodynamic
diameters of PhB and 3Gal are 9.8%° and 16.6 nm,®* respectively.
Figure 4 shows the Ai histogram for each protein when a
nanotube with a tip diameter of 17 nm was used as the sensor.
The average Ai vaues for BSA, PhB, and 3Gal are 80 + 15,
95 + 20, and 135 £ 20 pA, respectively, where the standard
deviations values are for the best-fit Gaussian curve for each
distribution in Figure 4. These data show that while Ai in general
increases with protein size, it would be difficult to distinguish
between these three proteins on the basis of the current-pulse
amplitude aone.

Figure 5 shows the corresponding current-pulse duration, t,
histogram for each protein, and the average r values are shown
in Table 1. 7, in general, increases with the size of the protein
with the largest protein, SGal, giving = of almost two seconds.
Furthermore, as was observed for the BSA/anti-BSA complexes
studied previously,?” the standard deviation of the T value also
increases with the size of the protein molecule. For reasons
discussed in our prior work,?” we have also found that, within
experimental error, 7 is independent of tip diameter (Table 1).

These trends in the current-pulse amplitude and duration data
can be visualized more clearly via scatter plots of Ai vst (Figure
6). The large spread in the current-pulse duration data for the
largest protein, SGal, is clearly seen, as is the much smaller
spread for the smallest protein, BSA. This plot suggests that
pGal could be distinguished from BSA because only fGal
produces pulses in the upper right quadrant of this plot, and
only BSA produces pulses in the lower left quadrant. Distin-
guishing PhB from the other two proteins based purely on such
current-pulse data would be problematic. However, previous
reports have shown that protein-analytes can be detected after

(79) Gaigalas, A. K.; Hubbard, J. B.; McCurley, M.; Woo, S. J. Phys. Chem.
1992, 96, 2355-2359.

(80) DeVincenzi, D. L.; Hedrick, J. L. Biochemistry 1967, 6, 3489-3497.

(81) Auersch, A.; Littke, W.; Lang, P.; Burchard, W. J. Cryst. Growth 1991,
110, 201-207.

Table 1. Current-Pulse Duration () Data for the Indicated Proteins
and Nanotube Tip Diameters (Protein Concentration 100 nM)

tip diameter (nm) protein 7 (ms)
17 BSA 520 + 110
PhB 1060 + 230
pGa 1920 + 870
23 BSA 440 £+ 160
PhB 663 + 330
pGa 1200 £ 570

binding to specific antibodies.**?%2” We have shown that protein
specificity can be introduced to the pulse duration by adding
an antibody that selectively binds to the target protein-analyte
in the analyte solution.?” Hence, one does not have to rely on
the current-pulse signature of the protein by itself to determine
whether a particular anayte protein is present in the sample.

Modeling the Current-Pulse Duration Data. The 7 values
obtained with our conical nanotube sensors (Table 1) are much
longer than durations typically obtained with other resistive-
pulse sensors. For example, t values for DNA analytes with
the biological o-hemolysin sensor are typicaly less than 20
ms.3’ Furthermore, our prior work with conical nanopore sensors
and alarge DNA analyte yielded 7 values of less than 80 ms.®*
These results are of particular interest because the radius of
gyration of the DNA molecule was a factor of 3 times greater
than the nanopore tip radius. Nevertheless, the DNA 7 value
was over an order of magnitude smaller than the t values
observed for the protein analytes studied here. We describe
below a simple model that accounts for the very long pulse
durations observed for protein analytes.

We begin with the concept of the detection zone®3242764 in
conical nanopore and nanotube resistive-pulse sensors. As dis-
cussed above, a protein molecule is most effective a blocking the
ion current flowing through the conical nanotube when it isin the
tip region, and the molecule becomes less effective at blocking
the current asiit is driven toward the tube base. Hence, thereisan
analyte-detection zone in the tip region.?2242754 |n order to
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Figure 5. Histograms of current-pulse duration data: (A) 100 nM BSA; (B) 100 nM PhB; (C) 100 nM SGal. Solid curves are Gaussian fits. Applied

transmembrane potential = 1000 mV. Tip diameter = 17 nm.
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Figure 6. Scatter plot of current-pulse magnitude (Ai) versus current-pulse
duration (z) for 100 nM BSA (black O0), 100 nM phosphorylase B (red @),
and 100 nM f-galactosidase (blue A). Applied transmembrane potential =
1000 mV. Tip diameter = 17 nm.

understand the long current-pulse durations observed here (Table
1), we need a definition for the length of this detection zone.
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The definition we propose here is based on the retio of the cross-
sectional area of the analyte protein (Ay) to the cross-sectional area
of the tube, a any point aong the tube length, x (Ay). This ratio
is a a maximum when the protein just enters the tip of the tube
and decreases as the protein is driven toward the base. Ultimately,
the ratio AyAx becomes so small that the protein is no longer
effective at blocking the ion current. This assertion is confirmed
by the characteristic shape of the current pulses observed here
(Figure 3). We assume here that when Ay/A decreases to 0.01,
the protein is no longer effective at blocking theion current. Hence
the detection zone length is that distance, x, from the tip opening
where Ay/A, = 0.01. The detection zone lengths calculated based
on this definition are shown in Table 2. As would be expected,
the detection zoneislonger for larger proteins and for sensorswith
smaller tip diameter.

With the length of the detection zone defined, we can now
calculate how long it would take for a protein molecule to be
driven by electrophoresis through the detection zone. This
calculation® requires that the charge on the protein and the field
strength in the detection zone are known. The field strength
value was taken from finite element simulations described
previously.?” We use BSA to illustrate this calculation here,
and assume it has a charge of —20 in the pH = 7.4 buffer used
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Table 2. Length of Detection Zone Calculated Based on the Cross-Sectional Area of the Protein Analytes and Conical Pore

(cross-sectional area at tip = 230 nm?)

tip diameter = 17 nm tip diameter = 23 nm

(cross-sectional area at tip = 420 nm?)

hydrodynamic cross-sectional area of protein

% blockage

length of detection % blockage length of detection

protein radius (nm) (area occupied inside the nanopore) (nm?) at tip zone (nm) at tip zone (nm)
BSA 34 36 16 1170 9 1030
PhB 4.9 75 33 1810 18 1670
pGal 8.3 220 96 3460 52 3320

in this work.2® We obtain an electrophoretic transport time for
BSA through the ~1 um detection zone for the 23-nm-tip sensor
(Table 2) of approximately 60 us. This is almost 4 orders of
magnitude smaller than the experimental current-pulse duration
for BSA with this sensor (Table 1).

This simple calculation shows that some physical or
chemical phenomenon is strongly impeding the electro-
phoretic transport of the protein though the detection zone.
This is aso supported by the calculations by Li et al., who
found that the diffusion coefficient of BSA within a silicon
nitride nanopore was 3 orders of magnitude smaller than the
bulk solution value.®* They concluded that the BSA molecule
was strongly confined within the nanopore but did not
elaborate on the mechanism of confinement. In the Supporting
Information we discuss a number of different processes that
might impede protein transport, and attempt to rationalize
these processes with the observed current-pulse shape and
duration. Based on these analyses, we propose here that
protein transport is impeded by multiple adsorption and
desorption events of the protein to the nanotube walls during
translocation through the detection zone.

The model assumes that the protein enters an energy-well
when it collides with and adsorbs to the nanotube wall. In order
for the protein to exit this well (desorb), it must overcome an
activation barrier, Ea. The rate constant for desorption is given
by the Arrhenius equation®

k = Ae BT (1)
where A is the frequency factor, k; is the Boltzmann constant,
and T is the temperature. If we call the concentration of
protein molecules adsorbed on the surface [S], then the
desorption of the protein molecules can be described by a
first-order reaction equation:®®

-8 — g

dt @

If [T] is the concentration of binding sites on the surface,
then the probability that a binding site is filled, P, can be
expressed as P, = [S]/[T]. Thus, eq 2 can be rewritten as

_ds

Tt = KT ©)
or
dP,
TTat kPy 4

(82) See the Supporting Information for details.

(83) Yu, Y.-X,; Tian, A.-W.; Gao, G.-H. Phys. Chem. Chem. Phys. 2005,
7, 2423-2428.

(84) Fologea, D.; Ledden, B.; McNabb, D. S; Li, J. Appl. Phys. Lett. 2007,
91, 053901/053901-053901/053903.

The probability that the protein molecule initialy present has
desorbed, Pp, can also be expressed as dPa/dt = —dPp/dt.
Substituting eq 4 for dPA/dt gives

dPp
dt

= kP, = k(1 — Pp) (5)
The right most side of this equation results because Pp + Pa
= 1. Integration with respect to t yields
Ppb=1—¢" (6)
This can aso be written in terms of the probability that the
molecules remains adsorbed
Pa=e" @
Equation 4 shows that the probability that a protein molecule
remains adsorbed to the nanotube decreases exponentially with
time. For such a distribution the mean time that a molecule
remains adsorbed, <t>, is 1/k, and the variance of the distribution
is <t>2 or K% If we assume that a protein molecule
translocating the detection zone engages in N, adsorption/
desorption events, then the experimental current-pulse duration,
7, is given by
T = N{O ®)

Likewise, the variance of the experimental current-pulse
duration, Var(z), is given by

Var(r) = Nt (©)
Solving eq 8 for 7, and substituting into eq 9 yields
Var(r) = N (t/N)? = 7’IN, (10)

The standard deviation, o, of the experimental current-pulse
duration is the square root of the variance

o = 1INY? (11)
which can be rearranged to
N, = (/0)? (12)

The error in the 7 values is, of course, propagated through
eq 12 to give a standard deviation for the number of adsorption
events, N,. From the rules of propagation of error® the percent
standard deviation in N is twice the percent standard deviation
of 7. Since both 7 and ¢ are known experimentally (Table 1),
the average number of adsorption/desorption events, N, that
each protein makes as it translocates the detection zone can be
calculated, as can the average duration of a sticking event, <t>,
which is just the pulse duration, 7, divided by N, (Table 3).
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Table 3. Number and Duration of Protein Sticking Events and the
Number of Protein Collisions with the Nanotube Walls and Sticking
Probabilities Calculated for Each Protein

duration of
tip diameter no. of sticking ~ sticking events no. of  sticking probability
(nm) protein events <t> (ms) collisions (x10%)
17 BSA 22 25 42000 50
PhB 21 50 577000 3.6
pGal 5 380 257000 2.0
23 BSA 8 55 20000 40
PhB 4 165 294000 14
pGal 4 300 144000 2.8

Considering the <t> data first, we see that the average time
a protein remains adsorbed to the nanotube wall increases with
increasing protein size. Thisindicates that the rate of desorption
of the protein from the surface decreases with increasing protein
size. Similar results have been obtained in other investigations
of protein desorption from surfaces.®>~%” Calculations by Jeon
and Andrade, which showed that the van der Waals interaction
between a protein and a PEG-coated surface increases with
protein size, help explain these observations.®” In addition,
opportunities for other types of interactions, such as dipole—dipole
and hydrogen bonding, will, in general, also increase with
protein size. As aresult of these cumulative attractive forces,
the activation energy for desorption of the protein increases with
protein size, and this accounts for the decrease in desorption
rate constant with protein size.

It is more difficult to directly compare the number of sticking
events for the different proteins because the detection zone
lengths are different for each protein (Table 2). For example,
since the detection zone for SGal islonger than for BSA (Table
2), pGal has more opportunities to collide with the nanotube
walls than does BSA. In order to account for these differences,
we have calculated the number of collisions that each protein
makes with the nanotube walls as it traverses the detection zone,
Ne. This calculation takes into account the different sizes of the
proteins and the different lengths of the detection zones. This
allows us to calculate the sticking probability for each protein
to the nanotube wall via Ps = NJ/N. (Table 3).

In order to calculate N, we must know the total surface area
of the tube walls in the detection zone, Ay,; this can be calculated
from the cone angle of the tube and the detection zone length.®?
The concentration, C,, of the protein in the detection zone must
also be known. Since we are analyzing single-current pulse
events, we assume that there is only one protein molecule in
the detection zone during the event. Therefore, C,, in units of
protein molecules per m?, is simply one molecule divided by
the volume of the detection zone. The volume can, again, be
calculated from simple geometric arguments.2? Finally, we need
to know the electrophoretic transport time through the detection
zone, t,, which we have aready discussed, and the molecular
mass of the protein, my, in units of kg per molecule.

With these numbers in hand, we can calculate the number of
collisions that the protein makes with the tube walls in the
detection zone, N, via®?

(85) Reger, D. L., Goode, S. R., Mercer, E. E., Eds. Chemistry, Principles
and Practice, 2nd ed.; Saunders: Orlando, 1997; p 550.

(86) Pauling, L. General Chemistry, 3rd ed.; Courier Dover Publications:
New York, 1988; p 551.

(87) Bronshtein, I. N.; Semendyayev, K. A.; Musiol, G.; Muehlig, H.;
Muehlig, H. Handbook of Mathematics, 4th ed.; Springer: New Y ork,
NY, 2004; eq 16.84.
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Ne = t,A,CoVk,T/m, (13)

where k;, is the Boltzmann constant and T is the temperature.
The N, values for the three proteins and two nanotube sensors
investigated here are shown in Table 3, as are the sticking
probabilities, P, calculated with these numbers.

The key conclusion from these calculationsis that the sticking
probabilty for the smallest protein, BSA, is significantly larger
than for the largest protein, fGal. This indicates that the rate of
adsorption is higher for the smaller protein. Similar results were
obtained by Lobel et al. in a study of the adsorption of various
proteins onto sol—gel derived glass.®® In this work adsorption
kinetics of three proteins onto the glass were measured
spectroscopically. Like us, they found that the adsorption rate
increased as the size of the proteins decreased.

The higher adsorption rate suggests that the activation energy
for adsorption islower for small proteins. This can be explained
by considering the steric repulsion between the PEG surface
and the protein.®® Steric repulsion has two terms. The first
concerns the compression of the PEG chains as the protein
approaches the surface. Compression lowers the entropy of the
PEG chains, and this acts as arepulsive effect. The second term
concerns the loss of hydration of the polymer chains when they
are compressed by the colliding protein. Thisloss of hydration
also acts as a repulsive effect. Both of these repulsive effects
are larger for larger proteins, making the activation energy for
adsorption of the larger protein bigger. This was confirmed by
calculations done by Jeon and Andrade.®” A recent aternative
model of the protein adsorption process, which focuses on the
spatial arrangement of the PEG chains, arrives at similar
conclusions with respect to the dependence of the adsorption
rate on the protein size.®

Finally, Weaver and Pitt have tabulated sticking probabilities
for anumber of different proteins on various surfaces.”® Vaues
beween 1078 and 105 have been observed. While the sticking
probabilities obtained here for PhB and fGal fall within this
range, the value for BSA is somewhat larger (Table 3). This
descrepancy undoubtedly results from the approximate nature
of a number of the experimental parameters that go into the
calculation of the sticking probability in our experiment. For
example, we have only approximate values for the length and
surface area of the detection zone, the concentration of the
protein in this zone, and the electrophoretic transport time
through this zone.

Conclusions

We have investigated the effect of protein size and nanotube
tip diameter on the resistive-pulse signature associated with
electrophoretic trans ocation of protein analytes through conical
nanotube sensors. We have found that the duration of the
current-pulses associated with such translocation events are
many orders of magnitude longer than the electrophoretic
transport time of the protein through the nanotube detection
zone. We have proposed a simple model that accounts for this
key observation. This model assumes that the protein molecule
engages in repeated adsorption/desorption events to/from the
nanotube walls as it translocates through the detection zone.

(88) Skoog, D. A.; Holler, F. J.; Nieman, T. A. Principles of Instrumental
Analysis, 5th ed.; Harcourt Brace College Publishers: Orlando, 1998;
829 pp.

(89) Prime, K. L.; Whitesides, G. M. J. Am. Chem. Soc. 1993, 115, 10714~
10721.
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This model not only accounts for the long pulse duration but
also for the triangular shape of the current pulse (Figure 3) and
the increase in the standard deviation of the pulse duration with
increasing protein size (Table 1). While, in principle, the current-
pulse should show current steps due to the individua protein-
adsorption events,®? the signal-to-noise ratio during the pulse
is not sufficient to observe these steps. Figure 3C provides a
good illustration of the noise level during a pulse. The results
of our analyses are in general agreement with results obtained
from other investigations of protein adsorption to surfaces.®®>"©
This includes the observations that smaller proteins stick more
readily to the surface but remain adsorbed for shorter times than
larger proteins.® % In addition, the sticking probabilities
reported here are in general agreement with results obtained
from other methods.”™

The two key experimental parameters obtained from the
resistive-pulse method are the pulse duration, 7, and the pulse
amplitude, Ai. Our data show that pulse duration is amore useful
metric for exploring the effect of protein size on current-pulse
signature. This is because pulse duration varies more dramati-

caly with protein size than does pulse amplitude. Indeed, within
experimental error, the pulse amplitudes for the different proteins
studied here are indistinguishable (Figure 4). We have recently
developed an antibody-based method for resistive-pulse detec-
tion of specific protein molecules that takes advantage of the
effect of protein-analyte size on pulse duration.?”
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