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Abstract

Recently reported nanofluidic diodes with highly nonlinear current-voltage characteristics offer a
unique possibility to construct different biosensors. These sensors are based on local changes of
the surface charge on walls of single conical nanopores induced by binding of an analyte. The
analyte binding can be detected as a change of the ion current rectification of single nanopores
defined as a ratio of currents for voltages of one polarity, and currents for voltages of the opposite
polarity. In this Article we provided both modeling and experimental studies of various biosensing
routes based on monitoring changes of the rectification degree in nanofluidic diodes used as a
biosensing platform. A prototype of a sensor for the capsular poly y-D-glutamic acid (yDPGA)
from Bacillus anthracis is presented. The nanopore used for the sensing was locally modified with
the monoclonal antibody for yDPGA. The proof of principle of the rectification degree based
sensing was further shown by preparation of sensors for avidin and streptavidin. Our devices also
allowed for determination of isoelectric point of the minute amounts of proteins immobilized on
the surface.

Introduction

Nature developed very sensitive and precise control over the ionic and molecular transport
across biological membranes. Transmembrane transport occurs via biological channels and
pores, which lie at the heart of virtually any functioning living cell. These channels, when
used outside of a biological organism, could open a route to a variety of breakthrough
applications in the field of biotechnology e.g. in biosensing and separations. Since these
channels are rather fragile and can function only when inserted in a lipid membrane it is
very hard to use them directly in man-made systems. It is very attractive to construct solid-
state pores, which would exhibit similar properties to those of biological channels, but
would be stable in a variety of conditions such as temperature, pH, ionic strength, etc. The
emerging fields of nanofluidics and solid-state nanopores offer a variety of different
platforms for fabrication of such systems.2-10 Using biological channels as a model,
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researchers have tried to prepare responsive nanoporous devices. lon current modulation
through such pores was achieved by a variety of external stimuli such as light'?, pH2, and
different molecules®13.14.15 (e g. DNA and proteins).

We have focused on ion current modulations induced by various molecules in single
nanopores as the basis for label free biosensing. Measuring ion current is inexpensive (e.g.
compared to the surface plasmon resonance or fluorescence microscopy instrumentation)
and can be performed very precisely down to several pA, or in some systems even down to
fractions of pA. 16 Moreover, the nanopore-based detecting technique can be parallelized by
construction of nanochannel arrays so that several molecules are detected simultaneously.

There are different approaches for constructing a nanoporous biosensor, in which the
detection signal would be based on current modulations. Crudely, single nanopore sensors
can be divided into two classes. The first class is based on measuring transient changes of
ion current, which occur when single molecules pass through a nanopore. In the second
“steady-state” approach, the nanopore walls are decorated with recognition sites for a
specific analyte that is present in a solution; changes in the current-voltage curves before
and after introduction of an analyte to the solution are monitored.

Presence of analyte in a nanopore can cause two effects to occur: i) volume exclusion1417
when the analyte is large enough compared to the pore opening to cause a partial or
complete occlusion of a pore, and ii) modification of the surface charge occurring upon
binding of the analyte to the pore walls. 181920 |n those two described cases of steric and
electrostatic influence, the presence of an analyte in a pore is detected as the change in the
magnitude of an ionic current passing through a nanochannel.

Both of these effects can be used for sensing. The second, electrostatics-based effect may be
more robust and versatile compared to the steric approach because the electrostatic approach
can be applied to nanopores of various pore openings. The possibility of using the
electrostatic modulations in building a sensor is further supported by extensive studies of
transport properties at the nanoscale and the effect of surface charges on ion currents
through a nanochannel, especially if the nanochannel radius is comparable to the Debye
length of a given bulk solution.2! In the volume exclusion principle on the other hand, the
current change is proportional to the decrease of the effective nanochannel cross-section,
which is induced by the analyte’s presence in the pore.22:23.24.25 Thys in order to observe an
effective nanochannel blockage, the size of the analyte has to be comparable to the nanopore
radii, which in turn requires a prior fine tuning of a nanochannel diameter for different
analytes.1’” The fine-tuning of a pore size might not always be possible, since an analyte to
be detected is often not well characterized or it can be present in a range of molecular
masses thus in a range of sizes.

Nanopore sensors using the electrostatic principle constructed thus far consisted of a
nanopore whose entire pore walls were modified with recognition molecules, for example
with biotin in a system that detected avidin or streptavidin.2% The biosensor that we present
here is based on single conically shaped nanopores whose pore walls were modified with a
recognition agent only very locally - in the region close to the narrow opening, called the tip.

J Am Chem Soc. Author manuscript; available in PMC 2014 May 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vlassiouk et al.

Page 3

We expect that in this case smaller numbers of analyte molecules are needed to induce ion
current change, which may improve the detection limit of the system. Moreover, this
template allows us to take advantage of the formation of irregular surface charge patterns
that could be created when an analyte binds to the recognition sites only at the narrow
opening.

As a template for our sensor we chose an irregular surface charge pattern that creates an
ionic diode. An ionic diode for example consists of a junction between a part of the pore
walls with positive surface charges and a zone with negative surface charges. lonic diode is
a promising template for a sensor because it is characterized by very high rectification
degrees, Q thus a ratio of currents recorded for voltages of one polarity and currents
recorded for voltages of the opposite polarity

lon current through these diodes also depends on the surface charge density. Changes of the
surface charge due to the analyte binding at the narrow opening should be very easily
detected as a change of the rectification degree Q.

For preparation of the sensor we used single conically shaped nanopores in polymer films.
The nanopore was modified by recognition agent only at the narrow opening using the
method of surface patterning reported by us before.26

As a proof of principle for the biosensor functioning we prepared a system that detected
avidin and streptavidin. As the next step, we designed an ionic diode based sensor for the
poly-y-glutamic acid (yDPGA) from the capsule of Bacillus anthracis. The yDPGA sensor
consists of a single conical nanopore whose tip is modified with a monoclonal antibody
(mADb) for the capsular yDPGA .27 The system of yDPGA and its mAb plays an important
role in designing a vaccine against anthrax as well as in monitoring infection with anthrax.2’

The biosensor design was supported by the Poisson-Nernst-Planck modeling of ion current
through single conical nanopores with various geometries and surface chemistries. The
modeling confirms the advantages of using ionic diodes as a template for the biosensor.

Experimental

Nanochannel preparation

Single conical nanopores were prepared in 12 micrometers thick polyethylene terephthalate
(PET) films by the track-etching technique described before.® The process consists of
irradiation of the material with single energetic heavy ions and subsequent chemical etching
of the irradiated foils. The conical shape is obtained by performing the etching only from
one side, while the other side of the foil is in contact with an acidic stopping medium.8 The
etching process is monitored by measuring the transmembrane current. At the beginning of
the etching process, the current is zero. Recording a finite current indicates that the etching
occurred through the whole thickness of the foil creating a pore. After observing a finite
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current, the etching was continued from both sides for about 10 minutes. This resulted in
nanopores with ~25 nm radius, thus significantly larger than conical nanopores used in our
previous studies (see e.g. Ref. 8,17,26). Estimation of the pore diameter was performed after
the etching, using the conductivity method described previously.® The method consists of
measuring resistance of the pores in 1 M KCI, and at the voltage range between -1 V and
+1V, where the current-voltage curves are linear. The tip opening diameter was then
estimated using the following equation:

e 5 @

T a(A—a)
where p is the specific resistivity of the electrolyte solution, (o= 0.1 Qm for 1M KClI), L is
the pore length (L = 12um), A is the base radius, and a indicates the tip radius. The base
radius is estimated from the bulk etch rate that for PET in 9 M NaOH and room temperature
equals 2.13 nm/min. 8 Equation 2 simplifies to the relation used in previous studies8 for the
a<KA approximation.

Chemical modification procedures

As a result of chemical etching, the walls of PET pores contain carboxyl groups at the
density of 1 per nm?2- 28 These carboxyls provide a convenient way for attachment of various
chemical groups via coupling with primary amines by 1-Ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC).2° In order to perform targeted modification of the pores
at the narrow opening, we used the procedure developed by us before for ionic diodes.26 If
the modifying reagents are placed only on one side of a membrane, the concentrations of the
reagents are high at this side, and decay hyperbolically along the pore axis due to the conical
shape of a nanopore. The modification can therefore occur only at the region close to the
small opening where the reagents’ concentration is sufficiently high. In the remaining parts
of the pore, the concentration is too low for the chemical modification to occur, and the pore
wall retains the majority of COOH groups.

A two-step procedure was applied to modify the surface chemistry of the pore walls: (i)
activation of the surface COOH with N-hydroxysulfosuccinimide (S-NHS) from one side of
the membrane, and (ii) incubation of the membrane with a given molecule containing a
primary amino group.

Activation by succinimide

A solution of 0.01 M of EDC and 0.02 M of N-hydroxysulfosuccinimide (S-NHS) was
prepared in 0.5 M MES buffer (2-(N-Morpholino) ethanesulfonic acid monohydrate), pH =
5.5. The reagents were purchased from Pierce and used as received. The solution was
introduced only at the nanochannel tip side, while the other side of the membrane was in
contact with 0.5M MES solution. The activation time was kept constant at 10 min, which
was followed by a thorough wash of the membrane with 0.1 M MES buffer solution from
both sides.
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Modification of the tip of a conical nanopore with biotin and 2-methoxyethylamine

A solution of aminated biotin (Pierce #21346) and 2-methoxyethylamine was prepared in
0.1 M MES, pH=5.5 to final concentrations of 0.013 M and 0.03 M, respectively. A
membrane which had been prior asymmetrically activated with S-NHS was overnight
incubated from both sides with the aminated molecules. The membranes were subsequently
thoroughly washed with 100 mM KCI solution.

Immobilization of avidin and streptavidin at the tip of a conical nanopore

A 0.5 pM solution of avidin (Aldrich A9275) and 0.5 uM solution of streptavidin (Aldrich
S0677) were prepared in 100 mM KCI, pH 5.5. A solution of a given protein was added on
both sides of a nanopore with a biotinylated tip. Immaobilization time was varied from 2
hours to overnight.

Modification of a tip of a conical nanopore with the monoclonal antibody (F26G3) to the
poly- y-glutamic acid

1 mg of the monoclonal antibody F26G3 (used as received) was dissolved in 3 ml of 100
mM KCI pH 5.5. This gave the final concentration of 0.33 mg/ml. The resulting solution
was added to the nanopore that had been previously activated at the tip with S-NHS. The
modification reaction was carried out overnight. After the modification, the nanopores were
thoroughly washed with an ample amount of 100 mM KCI solution.

Sensing yDPGA

2.7 mg of yDPGA was dissolved in 3 ml of 100 mM KCI pH5.5. This solution was added
on both sides of single conical nanopores whose tips had been previously modified with
mAb F26G3. The incubation time of 3 hours was kept constant for all examined samples.
Washing the membrane with 100 mM KCI was performed afterwards.

The Poisson-Nernst-Planck modeling of ion currents through single conical nanopores

Calculations of ion current were performed using the COMSOL Multiphysics 3.4 package.
At the charged walls, we used a triangular mesh with 0.1 nm spacing. We would decrease
the meshing at the bulk reservoirs and at the nanochannel interior to the point where no
current change was observed upon further mesh decrease. Details of the calculations can be
found elsewhere.21:30 The reliability of the calculations was confirmed by comparing
analytically solvable cases with their numerical treatment. An excellent agreement between
the analytical and numerical approaches has been demonstrated.21:30

Results and Discussion

As the main detection signal in our biosensing system, we wanted to use changes of ion
current rectification degree occurring due to interactions of an analyte present in a solution
with the pore walls. There are two nanopore platforms that potentially could be used as a
template for this rectification degree based sensor. First, conical nanopores with
homogenous surface charges were found to exhibit asymmetric current-voltage curves,
whose degree and direction of rectification are surface-charge dependent (Fig. 1A). Currents
for voltages of one polarity are several times higher than currents recorded for voltages of an
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opposite polarity. Recently prepared ionic diodes (Fig. 1B), which contain a dissimilar
surface charge pattern, could become an alternative platform for the sensor. An ionic diode
could be treated as a perfect rectifier: it allows the ion flux to occur only in one direction,
blocking it in the other.

We start the article with theoretical considerations on the optimal geometry and surface
chemistry for the biosensor template, thus a nanoporous system that assures maximum
rectification degrees.

Theoretical modeling: defining various platforms for biosensing

Uneven geometry of a nanochannel, surface charge or a combination of both result in ion
current rectification (Eq. (1)). Many biological channels rectify the current, and several
rectifying solid state nanopores were fabricated as well.8:31.32 The simplest example of such
a rectifying artificial system is a conical nanopore with homogeneous surface charges.® The
rectification mechanism has been extensively analyzed and its physical basis is well
understood. Using different physical approaches, the rectification effect can be explained
through a ratchet model33 or via the Poisson-Nernst-Planck modeling3#3°:36 that revealed
similarity of the conical nanopores to the Schottky diode.39 We will consider a rectifying
conical nanochannel with homogeneous surface charges (Fig. 1A) as a potential starting
point for a new type of biosensor, whose main detection signal is the rectification degree.

In order to calculate the ionic currents through conical nanopores and thus to determine the
rectification degree Q, we numerically solved the three dimensional (3D) Poisson-Nernst-
Planck equations 3°:

eoeAp=e(CL—C_)
V- (VOi+33Ve)=0 @

where ¢ is the electric potential, C; stands for concentration of either positive or negative
ions i, eis the electron charge, kg denotes the Boltzmann constant, and z is the charge of the
it jon. The calculations details can be found elsewhere.21:30 For simplicity, we ignored
electroosmosis (i.e. the Navier - Stokes equation) since according to our previous analysis,
its contribution to the total current is small.21.30

Conical nanopores with homogeneous surface charges—Figure 2 summarizes
results of our numerical calculations showing how the rectification degree Q calculated at
+1V depends on various parameters: base radius, A (A), tip radius, a, (B), surface charge, o
(C), and bulk concentration of electrolyte (KCI), Cyyik (D). All calculations were performed
for conically shaped nanopores with homogenous surface charges and length L of 12
micrometers (Fig. 1A). The calculations revealed that the maximum value of the
rectification degree, which one can obtain for the parameters studied here does not exceed 5.
It is also important to notice that each part of the figure shows a distinct maximum for the
rectification degree. For example, one can find a value of the tip diameter for which the
highest value of Q is obtained. It is because a very small tip opening results in a significant
voltage drop at the nanochannel entrance due to the access resistance and polarization
effects, 21:30 which leads to lower rectification degrees. On the other hand, when the tip
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opening becomes much larger than the Debye length, the pores lack the appreciable ionic
selectivity and thus they cease to rectify.2! Thus there is an optimum value of the tip radius
for which the greatest rectifications degrees are obtained (Fig. 2A). Analogous arguments
can be applied to other parameters i.e. o, Cpyk and A.

Biosensing with homogeneously charged conical nanopores would have to be performed in
a way which changes the entire surface charge of the pore walls upon binding of the analyte.
One could for example detect switching the surface charge from positive to negative or vice
versa. It is because, with a ground electrode placed at the narrow opening of a pore, a
negatively (positively) charged nanopore has larger currents for negative (positive)
voltages.3” Exposing the pore to analyte which upon binding switches the surface charge of
the pore walls (thus it carries a charge that is opposite to the charge of the pore walls) would
therefore cause a flip in the current-voltage curve. Our modeling showed that the
rectification degree in this case could be changed in the range of 5 < Q < 1/5 which is
expected to give sufficient flexibility and sensitivity. The ratios of rectification degrees
before and after analyte binding could thus reach 25.

It would also be possible to detect analytes that cause lowering or increase of the surface
charge density.38 Since rectification degrees of homogeneously charged nanopores are
rather low, change of the value of o without switching its sign, would cause only a rather
small change in Q between 1 and ~5 (Fig. 2 C). Changing the value of o could also be
detected by monitoring the current magnitude. For example, lowering the surface charge
from o ~ —1e/nm? to o = 0 decreases the ionic current by a factor of ~5. A fivefold change
in the current value should be easily detected experimentally, however for reasons explained
further, a neutral surface is practically unachievable at least in our experimental setup.

There are pore geometries different from the conical one, which have superior rectification
properties,39 but such shapes had not been achieved yet experimentally.

Nanofluidic diodes—Nanofluidic diodes are formed when a nanochannel has an uneven
surface charge density along the nanochannel length (Fig. 1B).26:30.40.41 Djodes can be
made bipolar (BP)26 or unipolar (UP) 41, and we investigated the applicability of both types
of diodes for building a biosensor. In our previous work we showed that high rectification
degrees can be achieved for nanofluidic diodes in a wide range of parameters, such as pore
radii, surface charge, and ionic strength.39 Under a forward bias, the current flows freely
through the device, creating an open state of a diode, while the reverse bias results in a
formation of the depletion zone with a suppressed current, thus a closed state of a diode.
High rectification degrees Q reaching several hundreds offer a unique possibility to monitor
the change in the rectification degree upon the analyte binding. Functioning of bipolar ionic
diodes is also well-understood as a function of pore radii and surface charge.3°

Figure 3A shows various types of diodes and rectifiers, whose surface charge is described in
the following way: in square brackets we write first the surface charge of the tip, then we

indicate the surface charge of the base (large opening). For example, for the device shown in
Fig. 1B, the tip is positive, the base is negative, thus in our notation this diode is abbreviated
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as {+;—}. Figure 3B contains schemes of current-voltage curves of ionic devices shown in
Fig. 3A.

Bipolar (BP) nanofluidic diodes—A bipolar diode is formed when the surface charge
changes its sign along the nanochannel coordinate (Fig. 1B). The point where the surface
charge changes its sign is denoted as z;, so that o = o for [0, zg] and o = —a for [z, L].
The position of g is one of the parameters that strongly influence the rectification properties
of the device. In cylindrical or slit nanochannels, in order to get the maximum rectification
degree Q, Zg has to be located exactly in the middle of the device length, i.e.

timal 30 i i imi i
2P =L /2. °° For our conical geometry, using a similar analytical approach as the one

reported in our previous article, we found the following analytical relation for zg”“m“l valid
in the approximation a<KA:

optimal a-L
2 ~—— (4
0 A 4)

Thus the optimal position of the transition zone z; is proportional to the tip radius, a, and the
device length, L, and it is inversely proportional to the base radius, A. We performed
numerical calculations of the rectification degree for a BP diode based on a conical pore as a
function of a tip radius and the position of the transition zone zy (Fig. 4). Note that after the
formation of a diode with positively charged tip, the current-voltage curve flipped compared
to the original negatively charged pore. Our calculations also confirmed the strong
dependence of the rectification degree on the tip radius. Notably, the analysis confirmed
applicability of Eq. 4 for predicting the position of the optimal zy (see the arrows in Fig. 4).
The ratio of the rectification degrees before and after the diode formation (thus of a
homogeneously charged conical pore and a diode) spans a range from ~3000 at a = 1nm to
~50 at a = 16nm. The value of 3000 was obtained as a ratio of the rectification degree in Fig.
2B for a=1 nm (Q = ~3), and the maximum rectification in Fig. 4 (Q = ~0.001). The
calculations were performed for the following values of the parameters: ¢ = —0.5e/nm?, L =
12um, A = 250nm and Cy ik = 0.1M (validity of Eq. (4) is also shown in the Supporting
Information for a range of A and L values). These high rectification degree changes make
the BP diode a superior platform for biosensing compared to a homogeneously charged
conical pore. It is important to note that the rectification degrees can be substantially higher
for larger surface charge densities or lower bulk concentrations. The optimal position of the

transition zone, ng“mal, does not however change with either of these two parameters, thus
Eq. 4 provides the best estimate for the optimal transition zone location for a wide range of
external parameters. Experimentally, we can easily tune the location of z; it is much more
difficult however to obtain a very sharp transition between positive and negative surface
charges, as we assumed in the PNP modeling.26

Unipolar (UP) nanofluidic diode—The BP diodes are symmetric, i.e. rectification in the
{+;-} configuration is exactly reversed to this of the device {—;+}. Unipolar diodes (UP)
lack this kind of symmetry thus behavior of the device {0;-} is different than properties of
the diode {—;0}. It is also important to mention that the depletion zone for a UP diode is
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predominantly confined to the uncharged segment and is much longer than the depletion
zone of a BP diode.3 Thus a diode {—;0} should show larger rectification degrees than a
diode {0;-} since the uncharged nanochannel segment is longer for the former
configuration. Figure 5 shows the dependence of the rectification degree on the tip radius
and zg, for the two UP diodes: {-;0} and {-;0}. The calculations were performed for the
same parameters as these used for a BP diode thus: o = -0.5e¢/nm?, L = 12um, A = 250nm
and Cpk = 0.1M. Note that Eq. 4 still provides the optimal position of the transition zone

zgpﬁmal that is in a good agreement with the numerical calculations (arrows in Fig. 5).
Although Eq. 4 was derived for a BP diode, it seems to hold true for a UP diode as well. As
expected, UP diodes have lower rectification degrees than BP diodes but overall they show a
very similar qualitative dependence on the diode opening diameter i.e. for larger tip radii,
lower values of Q are observed.

Our starting point for the biosensor preparation was a conically shaped pore with carboxyls
on the pore walls. Achieving a complete neutralization of the pore walls appeared to be an
experimental challenge in our system. There would always be a residual negative surface
charge when neutralizing the negatively charged pores. This happened presumably due to
steric difficulties of accessing some carboxyls groups by the chemicals (S-NHS and EDC)
which were used for the modification. The etched polymer surface in 9M NaOH can be
quite rough and some carboxyls could be “buried” under the surface. Thus we also looked at
a semi unipolar diode, i.e. instead of o= 0, we used ¥ of the original surface charge (i.e. ¥4
of —0.5 e/nm?): {%—:-} and {-;%-}. We considered the 75% conversion of the surface
carboxyls to uncharged groups a good chemical yield for our pores. As expected, such semi-
UP diodes showed rectification degrees which were significantly lower than the values of Q
for UP diodes with {-,0} and {0,-} (Fig. 6). Interestingly, rectification properties of such
semi-UP diodes appeared to be only slightly different from behavior of homogeneously
charged conical nanopores. For example, rectification degree of a semi-UP diode is only 2
times larger than the value of Q for a conical homogeneously charged pore if the transition

zone is located at zgpt"'""“l. Moreover, for the {¥4—;—} device, the flip in the current-voltage
curve was not observed (Fig. 6B). Thus, as a good approximation, one can consider the
semi-UP devices {¥4—;—} {—;%—} similar to conical pores {-;-}

Different biosensing routes

Schematics of possible biosensing routes are shown in Fig. 3A together with sketches of
corresponding current-voltage curves in Fig. 3B. We considered only one type of analyte
which could bind to the nanochannel walls, i.e. the surface charge changes its sign or/and
magnitude only at one region of the nanochannel. For example transition from the surface
charge {-,0} to {+,-} is not considered since it would require two different molecules to
bind to the walls. On the other hand, the transition {—,0} => {-,+} is possible because the
surface charge is changed only at the right hand side of the pore. We note however that the
development of a sensor which senses simultaneously two or more analytes in a single
nanochannel is achievable.
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For clarity of the presentation, the configurations of {+,0} and {0,+} are not shown, and
such UP diodes differ from corresponding negative counterparts (i.e. {—,0} and {0,-}) only
by the direction of rectification.

Our numerical modeling indicated that a bipolar diode had superior rectification degrees
reaching several hundreds and thus we considered it the most suitable template for a proof of
principle biosensing device. It should be very easy to detect a change of the rectification
degree upon an analyte binding, especially if the current-voltage curves were flipped. Our
unmodified conical nanopore is a weak rectifier, thus the transition {—;—}=> {+;-} should
be most pronounced and easily detected.

The amount of analyte needed to change the rectification degree and/or to flip the current-
voltage curve must also be taken into consideration. For a biosensor based on a conical
nanofluidic diode (Fig. 1B), the surface area which needs to be modified by the analyte is
much smaller compared to a situation when the entire pore walls were modified with a
recognition agent. Since an optimal position of the transition zone z; is only ~100nm away
from the tip of the pore, placing the recognition agent at the tip side requires the smallest
amount of analyte to create a diode surface charge pattern upon the analyte binding.

The detection limit of a diode sensor can be estimated as a ratio of the area of the tip zone
that was modified with a recognition agent (black part in Fig. 1B) and an area occupied by a
molecule to be detected, Syhaiyte- FOr Nanopores with a < A, the ratio can be written as:

yodma’L 1
A S analyte

(©)

where N is the number of molecules required to modify the whole surface area of a pore tip

(thus an area of a tapered cone {0, zgptim“l}), i.e. the detection limit. According to Eq. (5)
one can improve the detection limit by increasing the base radii, diminishing the tip radii
or/and the length of the pore. For example, Syhaiyte for closed packed streptavidin/avidin
protein is Syaiyte ~ 30nm?. For a typical pore with a= 10 nm, L = 12 um and A = 250 nm,
Eq. 5 yields then N = 1500 molecules. Increasing the base diameter to A= 1000nm, and
decreasing the tip diameter to a =8 nm yields a much improved N = 241 molecules. One has
to remember that increasing the base radius results in poorer rectification properties,
however the rectification degree Q can be tuned to a desired value by choosing the
appropriate electrolyte concentration. In cases when sensing experiments have to be
performed at various ionic strengths, working with smaller pore diameters will be necessary.
Narrow pores ensure that the changes of rectification degree upon analyte binding occur in a
wide range of electrolyte concentrations, including the physiological conditions of 100 mM.

It should be noted that the detection limit in all nanoscale systems is primarily limited by
diffusion of the analyte from the bulk solution to the sensing elements in the pore. Even
though the minimum number of molecules required for a measurable signal of a biosensor
can be quite small, the diffusion time from a very dilute solution might be substantial,
resulting in higher detection limits. Another issue to be considered is the binding constant
between the recognition sites and the analyte, which determines the minimum concentration
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of the analyte that can be detected. In our future studies we would like to test the detection
limit offered by our system in which various densities of recognition agents would be
introduced.

As a proof of principle for the proposed biosensor we worked with well known proteins of
avidin and streptavidin, which were sensed with single conical nanopores whose tip was
modified with biotin. We also prepared a sensor for the bacterial yDPGA capsular antigen
from the Bacillus anthracis. The sensor was based on single conically shaped nanopores
which contained the monoclonal antibody (mAb) for yDPGA 27 at the tip. There are several
possibilities to attach biotin and the mAb to the pore walls.17:20.26.38:42 \\je ysed the well
known EDC and S-NHS chemistry.26:29:42

Preparation of a sensor for avidin—Auvidin is a widely used positively charged protein
with a very basic isoelectric point (pl) of ~11. The binding between biotin and avidin is one
of the strongest known biochemical interactions.*3 In order to prepare a sensor for avidin, a
tip of single conical nanopores was modified with a mixture of aminated biotin and 2-
methoxyethylamine. We used a mixture of the modification agents in order to ensure that
avidin would not have steric difficulties to access the surface immobilized biotin.** The
spacer arm length for biotin used in our study is ~2 nm, which is sufficiently long for avidin
binding. Presence of the 2-methoxyethyl group assures that all accessible sites for
modification carboxyls are turned to uncharged terminated groups (from 2-
methoxethylamine or biotin).

Modification of the tip of a conical nanopore with uncharged biotin resulted only in small or
no change in the current-voltage curves - both the current magnitude and the current-voltage
direction remained basically the same. As discussed above, even 75% conversion of the
surface carboxyls to uncharged groups at the tip results only in ~30% current change. After
the biotin modification we can thus still treat the pore as a homogeneously charged cone.
This nanopore was subsequently exposed to a 0.5 uM solution of avidin for ~2 hours, and
the current-voltage curve was re-measured in 10 mM KCI. Upon avidin binding, the
rectification direction clearly changed (Fig. 7), indicating a successful formation of a bipolar
diode junction, and a straightforward avidin detection. The fact that the rectification degree
was almost exactly reversed and did not increase after avidin binding is probably due to the
large size of the pore (radius of 30 nm) as well as a low effective surface charge in the pore
tip (see Streptavidin detection discussed later). Theoretically, a BP diode created upon
avidin binding should have superior rectification properties compared to a pore modified
with biotin.

We have also performed a control experiment to evaluate the importance of non-specific
adsorption of avidin on functioning of the biosensor. A tip of a conical nanopore was thus
modified only with 2-methoxyethylamine, and the pore was subsequently incubated
overnight with 0.5 pM solution of avidin. Fig. 7B shows current-voltage curves of the
nanopore in 10 mM KCI before and after the exposure to avidin. The current-voltage curve
did not flip upon the avidin exposure as it was observed with the biotin modified pores
(compare with Fig. 7A). Moreover, the values of ion currents at low voltages remained
basically unchanged as well. The experiments with 2-methoxyethylamine modified pores
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thus provided evidence that non-specific adsorption of avidin does not influence functioning
of the sensor.

Preparation of a sensor for streptavidin—Streptavidin is another protein that binds
very strongly to biotin. Streptavidin however has pl~6.3 when in solution, and pl~5 if bound
to the surface immobilized biotin.#® Thus streptavidin can be made either positive or
negative depending on the pH of the bulk solution. This feature is very attractive for our test
platform, since if a tip of a pore is modified with biotin, upon streptavidin binding, the
system will show pH dependent current-voltage characteristics. The point of the current-
voltage flip could be correlated with the streptavidin isoelectric point. Checking the
rectification direction as a function of the solution pH can be a basis for determination of
isoelectric points of unknown proteins.

Immobilization of streptavidin on the pore walls was performed in an analogous way to the
method applied for avidin. The tip of a conical pore was modified with a mixture of biotin
and methoxy- groups with subsequent addition of streptavidin. As expected, binding of
streptavidin caused the formation of a diode junction at acidic conditions when the protein
was positively charged with Q < 1 (Fig. 8A). In basic conditions, the system could be treated
as a simple negatively charged cone, thus the rectification degrees were larger than 1 (Q >
1). The system ceased to rectify (Q ~ 1) at pH~5.5 when streptavidin was almost neutral
(Fig. 8B). Our experiments allowed us to conclude that the isoelectric point of streptavidin is
~5.5, which is in a good agreement with the previously found value for surface immobilized
streptavidin.®

Our ionic diode approach allows therefore for both biosensing as well as determination of pl
of minute amounts of proteins. It should be noted however, that due to potentially
incomplete surface carboxyls conversion to biotin and methoxy- groups, the unmodified
carboxyls can influence the pl identification, especially if the studied proteins are small. The
surprising correspondence of the measured pl by our technique with the literature values
suggests that those unmodified carboxyls play a minor role in the pl determination in our
system.

The system with streptavidin is characterized by rather low rectification degrees (Q < 10 in
+5V). We think that it could be attributed to the surface charge density of streptavidin,
which is much lower than the surface charge density of a native conical nanochannel. For
example, at pH = 7.6, surface charge density o of immobilized streptavidin is ~ -3 e/
molecule, 45 which yields o = —0.1 e/nm2, when we assume that one immobilized
streptavidin protein occupies an area of ~30 nmZ2. In comparison, a surface charge density of
PET pores is o ~ -1 e/nm2.

Non specific adsorption of streptavidin to our surfaces was also negligible and it did not
influence functioning of our sensor. The current-voltage curves of conical hanopores
modified with 2-methoxyethylamine exposed to streptavidin are shown in the Supporting
Information.

J Am Chem Soc. Author manuscript; available in PMC 2014 May 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vlassiouk et al.

Page 13

We also note that our sensor based on a single pore with biotinylated tip can easily
distinguish between avidin and streptavidin since these two proteins upon binding to a pore
produce very different dependence of current-voltage curves on the solutions’” pHs.

Preparation of a sensor for y-D-glutamic acid (yDPGA) of B. anthracis—The
bacterial pathogen B. anthracis is surrounded by an antiphagocytic polypeptide capsule
composed of poly y-D-glutamic acid (yDPGA). Recently, yDPGA has been identified as a
potential target for development of vaccines against anthrax, as well as for immunodiagnosis
of anthrax via detection of free YDPGA that is shed into body fluids during infection.2’
Finding an antibody for the bacterial yDPGA enabled developing new methods for an early
detection of anthrax. The monoclonal antibody mAb F26G3 is one such antibody that is
suitable for immunoassay development.

In order to develop a sensor for yDPGA, we first modified the tip of single conical pores
with mAb F26G3. The tip area of a conical pore was first activated with S-NHS, and
subsequently a solution of mAb F26G3 was added on both sides of the membrane. We
expected that F26G3 would bind to the surface with one or several of its primary amines
forming a peptide linkage to the surface. The resulted conical sensor containing at its tip the
antibody, showed a very strong dependence of its current-voltage behavior on pH of the bulk
solution (Fig. 9). At the basic pH of 8, the rectification direction was the same as for an
unmodified pore, indicating that at these conditions F26G3 was negatively charged. Placing
the system in an acidic pH resulted in a reversed rectification as well as in a significant
increase of the rectification degree, providing evidence for the formation of a bipolar diode
junction. We would also like to emphasize the huge increase of currents for positive
voltages, which in turn suggested that the surface charge of mAb F26G3 at acidic pH is
positive and very high. Indeed, the current magnitude for positive voltages suggests that at
acidic pH, the effective surface charge density of F26G3 is close to the surface charge
density of fully aminated PET pores thus o ~ 1e/nm?; this surface charge density is
enormously high for a protein. Such huge surface charge is rather overestimated because we
ignored a probable decrease in the effective pore radius after binding of the antibody to the
pore walls. The system does not rectify at pH~6, thus the determined pl of the surface
immobilized antibody F26G3 is around 6. The rectification degree at pH = 4.2, calculated as
I(=5V)/I(+5V) is less than 0.01, while at pH=8, Q~7. Such huge variation in the rectification
degree should allow for an unambiguous detection of yDPGA upon its binding at the tip of
the pore.

Pores whose tips were modified with mAb were incubated with the bacterial yDPGA and,
after washing with KCI, the current-voltage curves were re-measured (Fig. 10). Carboxyl
groups of yDPGA render this polypeptide heavily negatively charged for pH > 4, when the
groups are deprotonated. Thus addition of anthrax polypeptide capsule to a conical
nanochannel containing mAb F26G3 yields a system which rectifies ionic current only in
one direction for all examined pH conditions (Fig. 10). pH values however change the
magnitude of ion currents especially for negative voltages. For example at pH~8, when
virtually all carboxyls are charged, the current at =5V exceeds 40nA. Such large currents
can be induced only by very high effective surface charge densities at the tip, resulting from
binding of yDPGA to the immobilized F26G3 antibody. Judging by the current magnitude,
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the negative surface charge at the tip of the final structure is much higher than that of an
unmodified conical nanopore as well as of a BP diode formed by immobilization of mAb
F26G3 (see Fig. 9). It should be noted that since yDPGA is a very large molecule, its parts
might occupy the nanochannel interior and cause an effective “doping” of the nanochannel
volume by potassium ions (counterions to the carboxyls). Thus referring to the nanochannel
“surface charge” might not be appropriate for such large immobilized polymers.

At acidic pH of ~ 4, on the other hand, the currents are very low down to 0.4 nA. Such low
values of ion current at acidic conditions can be caused by the combination of two effects: i)
protonation of the yDPGA’s carboxyls and ii) protonation of underlying F26G3 antibody.
Both those effects might play a substantial role since pKa of carboxyl groups is ~4.2, and at
pH~4.2, F26G3 changes its sign to positive (Fig. 9). Interestingly, a reversal of the current-
voltage curve was not observed for the system with attached yDPGA (Fig. 10), which
suggests that the electrostatic effect of mAb F26G3 is effectively shielded by the
polypeptide located on top of the antibody. Such small currents (0.4nA) also support the
hypothesis that the yDPGA molecules significantly extend to the nanochannel volume
blocking the ion current flux.

Figure 11 summarizes the experiments performed with the ionic diodes formed by
attachment of mAb F26G3 and yDPGA. It can be clearly seen that the detection of yDPGA
that bound to mADb at the tip of a conical pore produces the largest change in the rectification
degree for pH < 6. It is because in these conditions, the antibody F26G3 is positively
charged, while the polypeptide is still negative thus its binding to the pore tip produces a
reversed current-voltage curve. For example, at pH 4.2, the ratio of rectification degrees
before and after yDPGA exposure is more than 200 (Fig. 11).

We also checked existence of non-specific adsorption of yDPGA to the pore walls. We
expected that this effect would be mostly electrostatic in nature since a heavily negatively
charged polypeptide will be electrostatically attracted to positively charged surfaces. We
thus exposed a conical nanopore whose tip was modified with avidin to the same solution of
YDPGA that was used in the previous sensing experiments. The current-voltage curves
recorded before and after the addition of yDPGA are shown in Fig. 12. The non-specific
adsorption is measurable, since the current-voltage curve reversed, as it was observed for
nanopores modified with the antibody. The current values however, are more than an order
of magnitude smaller than the currents obtained in a system containing mAb F26G3
(compare Fig. 9 and 10). We would also like to point that in our sensing experiments we
used rather high polypeptide concentrations, thus the non-specific adsorption effect
presented here reflects the “worst case scenario”.

Conclusions

We have described preparation of a specific biosensing platform based on conical
nanofluidic diodes. A tip of the sensor was modified with a recognition agent for a specific
analyte that was present in a solution. Binding of the analyte changed the surface charge
pattern of the system, which was detected as the change in the current-voltage curves
measured in a KCI solution. Thus we propose to use rectification degree as the main
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detection signal for a presence of an analyte. Placing the recognition agent only very locally
at the tip of a conical nanopore has two main advantages. First, the amount of analyte that is
needed to produce a measurable signal is smaller compared to a nanoporous system in which
the entire pore walls are modified. Second, local binding of the analyte can produce uneven
surface charge pattern, which can lead to preparation of ionic diodes. lonic diodes are
characterized by very high rectification degrees and a high sensitivity to local surface charge
densities. The experiments have been supported by a theoretical modeling for an optimal
geometry and surface charge pattern for the biosensor preparation.

The article presents biosensing systems for avidin, streptavidin, and the capsular polypeptide
from B. anthracis. We also show that our system provides a new and label-free method for
determination of isoelectric points of immobilized proteins. Isoelectric point of proteins on
surfaces is known to differ from the corresponding values in a solution,* and many other
sensing techniques such as Enzyme-Linked Immunosorbent Assay (ELISA) rely on
immobilized molecules. Knowledge of isolectric point of proteins can therefore improve
other biosensing techniques.

Our future efforts will be focused on studying the detection limits offered by our biosensor
as well as detection of proteins present in mixtures. We will also study how the sensing
protocol can be applied for systems with various binding affinities. It will also be interesting
to experimentally determine the position of the transition zone zy, thus the length of the pore
that undergoes the chemical modification (see Fig. 1B). In order to visualize the modified
pores, we plan to attach gold nanoparticles to the pore walls of a membrane containing many
pores e.g. 108 pores/cm?. Cross-sections of these samples will tell us how far from the pore
opening the reaction occurs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematics of rectifying platforms that can be used as a template for presented biosensor. A)

A homogeneously charged conical nanopore. B) A conical bipolar diode. lonic diodes were
denoted in a following way: first the surface charge of a tip (small opening) followed by the
surface charge of the base (large opening). For example, for the configuration shown in (B),
the tip is positive, and the base is negative, thus in our notation this diode is abbreviated as
{+;-}. The symbols have the following meaning: A — base radius, a - tip radius, a -
divergence angle of a cone, zy — transition zone for the surface charge change. For all
numerical calculations, the surface charge was assumed to change abruptly at 7.
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Numerically calculated rectification degrees (Eq. (1) at 1V) of a homogeneously charged
conical nanopore as a function of A) base radius, A B) tip radius, a C) surface charge, o, and
D) bulk concentration of KCI. The following values were used Cpx = 0.1M, o = —0.5¢/
nm2, A = 250nm, a = 4nm, and L = 12um, unless the parameter was varied. The calculations

were performed by numerically solving the 3D Poisson-Nernst-Planck equations. Our

analysis showed that it was impossible to achieve rectification degrees higher than 5 for the
examined range of the varying parameters, at least for our experimental nanochannel length
of L = 12um. Note that every graph has a maximum due to the interplay of the Debye length

and the polarization effect at the nanopore entrance (including access/Hall resistance).
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Schemes of various surface charge patterns that could lead to preparation of ionic diodes
together with their current-voltage curves. The arrows indicate possible transitions between
different surface charge patterns, which can be induced upon binding of one type of analyte
to the pore walls. A) Schematics of unipolar (UP) diodes are in the upper row, while bipolar
diodes (BP) are shown in the bottom row. A homogeneously charged conical nanopore is
shown in the middle. B) Behavior of current-voltage curves of the nanopores shown in (A).
BP diodes have superior rectification properties compared to UP diodes i.e. BP diodes
produce higher rectification degrees. A conical nanochannel with homogenous surface
charges shows the lowest rectification degree. Note that in the transition from a
homogenously charged conical nanopore to the {+;-} and {0;-} configurations, the current-
voltage curve flips, which allows for a very easy detection of the analyte that induced this

change. See text for details.
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Figure4.
Numerically calculated rectification degrees of bipolar (BP) diodes based on single conically

shaped pores, as a function of the transition zone location (zp), and the tip radius (a). Only
one configuration {+;-} is shown since the rectification degree of the device {-;+} can be
calculated as the reverse of the shown values. The arrows indicate the position of the
transition zone that assures the highest rectification degree, as estimated by Eq. 4. The
calculations were performed for L = 12um, A = 250nm, Cpyik = 0.1M and o= —0.5e/nm?.

J Am Chem Soc. Author manuscript; available in PMC 2014 May 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vlassiouk et al.

Page 22

T T UP: -;0 T a:2nlm I\ T . T 2 T

100. GO0 | I WP iy
_m__, —H—a=8mm —NSE —-8nm ®
c - .\—I—a=16nn' Q
@ =
g o
=) Y
) =3
° o
: :
o o
b=} ©
g <
5 3
bt o

1

1 T T T T T T T
1 10 100 1000 1 10 100 1000
z, nm z, nm
Figureb.

Numerically calculated rectification degrees of conical unipolar (UP) diodes as a function of
the transition zone location (Zp), and the tip radius (a). The arrows show the position of the
transition zone that assures the highest rectification degree, as estimated by Eq. 4. A)
Rectification degrees of the device whose tip is charged and the base is uncharged — {-;0}.
B) Rectification degrees for the {0;-} device. The calculations were performed for L =
12pm, A = 250nm, Cyyik = 0.1M, and o= —0.5e/nm?.
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Figure®6.
Comparison of unipolar diodes (UP), which consist of a charged zone and a zone that is

neutral, to semi-UP diodes, which consist of two zones with surface charge of the same sign
but different density. As evidenced by our experiments, a neutral surface (o = 0) is difficult
to achieve for our pores, we calculated current-voltage curves when 75% of the surface
carboxyls were converted to uncharged methoxy groups. A) Comparison of the rectification
degree for {-,0} and {-;%~} diodes. B) Rectification degrees Q for {0,~} and {¥*—;-}
diodes. As followed from this figure, semi-UP conical diodes are very similar in their
behavior to initial conical pores, thus devices with the surface charge pattern {—;=}. The
calculations were performed for L = 12um, A = 250nm, Cpyik = 0.1M, and o= —0.5e/nm?.
The rectification degree was calculated for 1V. See text for details.
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Figure7.
Functioning of a nanofluidic diode sensor for avidin. A) Experimental current-voltage

curves for a conical nanopore whose tip was modified with biotin before exposure to avidin
(M), and after exposure to 0.5 uM solution of avidin ( ®). The current-voltage curves were
measured in 10 mM KCI solution, pH = 5.5. The insets indicate the schematics of obtained
surface charge patterns. Binding of avidin to the biotin modified pore resulted in the
formation of the bipolar diode surface charge pattern. B) Studies of non-specific adsorption
of avidin to a nanopore whose tip was modified with 2-methoxyethylamine. Current-voltage
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curve of this pore did not significantly change upon exposure to avidin, suggesting that non-
specific interactions of the protein with the pore walls do not influence functioning of the
sensor.

J Am Chem Soc. Author manuscript; available in PMC 2014 May 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vlassiouk et al.

Page 26

Current (nA) , \

A ] ¥ pH 4.2

Voltage (V)

/\

vy
B

o

I(-2V)/I(+2V)

j=3

Rectification degree, Q

Figure8.
Functioning of a diode sensor for streptavidin. A) Experimental current-voltage curves for a

single conical nanopore whose tip was modified with biotin and exposed to 0.5 uM solution
of streptavidin. The measurements were performed in 10 mM KCI and various pH
conditions, at which streptavidin was positively charged (pH 4.2, red squares), negatively
charged (pH 8.0, blue triangles) or neutral (pH 5.8, green squares). B) Rectification degree
measured at different pH for a single conically shaped nanopore with biotin and streptavidin
at the tip. The current-voltage curve flipped at the value of pH that corresponds to the
protein isoelectric point (pl). Dashed line (---) is a guide to the eye showing Q =1, i.e. no
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rectification. The value of pl for surface immobilized streptavidin as determined by our
biosensor is ~5.5.
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Figure9.
Determination of isoelectric point of the monoclonal antibody for the bacterial polyglutamic

acid (yDPGA). Current-voltage curves were recorded for a conical nanopore whose tip had
been modified with a monoclonal antibody (F26G3) to the bacterial yDPGA. The
measurements were performed in 10 mM KCI and at various pH values. At acidic pH
conditions, the antibody F26G3 was positively charged (red recordings), while at basic pH it
was negatively charged (blue recordings). The system stopped rectifying at pH ~6.0 (green
recordings), which corresponded to pl of the antibody. The schemes show various surface
charge patterns that were created at the three studied pH values. The uneven surface charge
pattern was created at acidic pH values, which caused the formation of a strongly rectifying
bipolar diode.
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Figure 10.
Sensing yDPGA with a nanopore that contained mAb F26G3 at the tip. A nanopore with

mAb F26G3 was incubated with a solution of yDPGA for 3 hours, and the current voltage-
voltage curves were measured in 10 mM KCI. Depending on pH of the solution, different
surface charge patterns were formed on the pore walls (see the schematics in the upper part
of the figure), which led to different current-voltage curves. At pH > 4, the polypeptide was
negatively charged thus the current-voltage curves reversed compared to the situation before
the yDPGA binding (see Fig. 9).
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Figure11.
Sensing bacterial polyglutamic acid (yDPGA) with a nanofluidic diode — summary of Fig. 9

and Fig. 10. Rectification degree for 5V is shown as a function of pH. Dashed line (---) is a
guide to the eye showing no rectification, i.e. Q = 1. Rectification direction at acidic pH for
a nanopore modified with mAb F26G3 (M) is reversed compared to the rectification of the
same pore after exposure to yDPGA ( ®). See text for details.
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Figure12.
Studies of non-specific adsorption of yDPGA to nanopores with positively charged tip. A

single nanopore was asymmetrically modified at the tip with avidin, and exposed to a
solution containing yDPGA. Non-specific adsorption caused a flip of the current-voltage
curve, however the recorded negative currents were significantly lower than the currents
observed upon binding of yDPGA to a nanopore that contained mAb F26G3 (see Fig. 10).
The measurements were performed in 10 mM KCI, pH 6.0.
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