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Potentiometric sensing of nucleic acids using
chemically modified nanopores+

Istvdn Makra,® Alexandra Brajnovits,® Gyula Jagerszki,® Péter FirjesC and
Robert E. Gyurcsanyi*®

Unlike the overwhelming majority of nanopore sensors that are based on the measurement of a transpore
ionic current, here we introduce a potentiometric sensing scheme and demonstrate its application for the
selective detection of nucleic acids. The sensing concept uses the charge inversion that occurs in the
sensing zone of a nanopore upon binding of negatively charged microRNA strands to positively charged
peptide-nucleic acid (PNA) modified nanopores. The initial anionic permselectivity of PNA-modified
nanopores is thus gradually changed to cationic permselectivity, which can be detected simply by
measuring the nanoporous membrane potential. A quantitative theoretical treatment of the potentio-
metric microRNA response is provided based on the Nernst—Planck/Poisson model for the nanopore
system assuming first order kinetics for the nucleic acid hybridization. An excellent correlation between
the theoretical and experimental results was observed, which revealed that the binding process is focused
at the nanopore entrance with contributions from both in pore and out of pore sections of the nano-
porous membrane. The theoretical treatment is able to give clear guidelines for further optimization of
potentiometric nanopore-based nucleic acid sensors by predicting the effect of the most important
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Introduction

Nanopore-based electrochemical sensors emerged as a versa-
tile platform® to detect and characterize, without external
labels and amplification, nanoparticles,”” and macro-
molecules® (most often nucleic acids).”*° The detection mech-
anism is dominantly based on monitoring the electrical con-
ductivity changes of the extremely small volume defined by a
nanopore upon individual species of comparable size passing
through or residing in the nanopore. These changes are gener-
ally detected by measuring the current induced by an external
transpore potential in a setup that consists of two electrically
connected electrolyte compartments separated by a membrane
integrating a single nanopore or a nanopore array. Despite the
wealth of information (e.g., size,”" charge,'>"* shape,'* etc.)
and excellent size resolution’® that this technique can provide
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experimental parameters on the potential response.

on single species, complex samples generally require the use
of selective receptors either immobilized to the nanopore
environment'®?> or added to the sample*>* to generate
responses that can be selectively distinguished from the back-
ground. As the target species become smaller, the nanopore
diameters need to be decreased, which requires the
accurate assessment of extremely small currents and current
changes (pA or fA) often at high time resolution. This
makes the current measurement, e.g., resistive pulse sensing,
very demanding in terms of instrumentation and noise
reduction®?® which may be limiting for genuine sensing
applications. Therefore, we were interested to explore potentio-
metric readout,?” which only requires, instrumentation-wise, a
high input impedance voltmeter, as a more practical electro-
chemical transduction approach for nanopore-based chemical
sensors. Permselective, charged nanopore membranes were
shown to generate a potential response either for cations or
anions depending on the charge sign of the nanopore
surface.”® This response was found to be described by the
Nernst-Planck/Poisson model for water permeable charged
pores, which approaches ideal Nernstian behavior as the pore
diameter is reduced to the range of the Debye layer thick-
ness.”> While such permselective pores exhibit no selectivity
among ions of the same charge sign®® we have shown that
additional chemical modifications of the permselective nano-
pores with a hydrophobic compound to exclude water from the
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Scheme 1 Schematics of the measurement setup (A) and the idealized sensing concept (B) for the potentiometric detection of nucleic acids.
Initially the PNA-modified nanopores are positively charged (due to the terminal labeling of PNA with a lysine residue) resulting in an anionic perms-
electivity as indicated by the negative slope of the membrane potential in response to increasing KCl concentrations on the reference side of the
nanopore. The negatively charged complementary NAs (added to the sample side), upon binding to the PNA strands, will gradually change the
charge of the nanopore to negative in a concentration dependent manner. Accordingly the slope of the potential response will gradually change to
more positive. (C) During real-time NA analysis the binding of complementary NAs is detected at a fixed salt concentration on the reference side
(1072 M KCl) as an increase in the potential. For the given electrochemical cell setup this corresponds to a maximum potential span of 120 mV

(between ideal anionic and cationic permselectivity).

pores and a selective ion complexing agent can turn nanopores
into ion-selective channels.”” By employing gold coated track-
etched membranes with such chemical modification and using
a Ag'-selective ligand we were able to develop potentiometric
nanopore-based Ag'-selective electrodes in a solvent-free all-
solid state design with a nanomolar limit of detection.””
Although direct potentiometric detection is applicable in prin-
ciple for any ion, its simple extension to polyions such as
nucleic acids is rendered unpractical by the very small theore-
tical sensitivity, i.e. the slope of the Nernstian response scales
inversely with the charge of the ion. This problem has been
solved for conventional liquid membrane-based potentiometric
polyion electrodes by employing non-equilibrium phase bound-
ary potential measurements, as demonstrated for heparin.**?

However, these polymeric ion-exchanger membranes do not
provide enough selectivity to extend the potentiometric
method for the determination of other polyions such as
nucleic acids at low concentrations. In this paper we address
this problem by proposing a new potentiometric sensing
scheme based on equilibrium potential response which
exploits the “charge inversion””®** phenomena occurring in
peptide nucleic acid (PNA)-modified nanopores upon selective
binding of complementary nucleic acids (NAs).

For the proof of principle we used gold nanopore arrays con-
sisting of 7 hexagonally arranged pores (Fig. S1, ESIT)** modified
with positively charged thiol labeled PNA strands for the detec-
tion of a 22-mer microRNA (miRNA) as a model for conserved
short length single stranded nucleic acids.*> Our hypothesis was
that such membranes exhibit anionic permselectivity which
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upon selective binding of the negatively charged complementary
microRNA strands is switched to cationic permselectivity in a
concentration dependent manner and the associated potential
increase can be used for quantitation (Scheme 1). We were
further interested to determine the concentration dependence of
this process and to theoretically describe the response mechan-
ism considering for the first time the surface density of the PNA
probe and its deployment in the nanopore environment.

Experimental
Reagents and solutions

Solid-state gold nanopore structures were fabricated using a
combination of silicon based 3D MEMS/NEMS technology and
focused ion beam (FIB) etching. In essence, 380 pm thick Si
wafers with three subsequent layers of non-stoichiometric
silicon nitride (SiN,), Ti oxide adhesion layer and gold with
thicknesses of 205, 5 and 150 nm, respectively, were subjected
to anisotropic etching of the Si layer to reveal a SiN,/Au mem-
brane of 700 x 700 pm?®. In this membrane 7 conical nanopores
(solid angle of 9.2°) of equal tip diameters in the range of
30-80 nm were drilled by FIB using Ga' ions (Fig. S1,
ESIT).>*?® The gold surfaces were modified using thiol termi-
nated 18-mer PNA (N'-Lys-GCTTTTTGCTCGTCTTAT-AEEA-C6-
SH-C'), where C6 is (CH,)s spacer and AEEA 2-(2-aminoethoxy)
ethoxyacetic acid (Eurogentec Seraing, Belgium). 22-mer
microRNA (5-AUAAGACGAGCAAAAAGCUUGU-3') or its DNA
analog was used as the target while a similar length random

This journal is © The Royal Society of Chemistry 2017
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sequence (5-AGUACUAAUUCGUCUCUGUUCU-3') was used as
the negative control (NC DNA). The PNA strands were immobi-
lized to the gold nanopore in a prehybridized form with a
short complementary 7-mer DNA oligo (5-AAGACGA-3') to
ensure a self-controlled surface density optimal for target
hybridization.”” The immobilization was performed in 3x
saline-sodium-citrate (SSC) buffer. The buffer components, in-
organic salts and nucleic acid strands were purchased from
Sigma and aqueous solutions were prepared with 18.2 MQ x cm
resistivity deionized water (Millipore, Bedford, MA).

Modification of the gold nanopore array

Before modification, the nanoporous membranes were sub-
merged in 1 ml piranha solution (96% H,SO, + 35% H,0, in 3: 1
ratio, cooled to room temperature) for 15 minutes, then cleaned
with copious amount of DI water (Caution: the piranha solution
reacts violently with most organic materials and must be handled
with extreme care). The gold surface of the chip was modified
with the prehybridized PNA-DNA duplex by placing a 10 ul drop
on each side of the nanoporous membrane from a SSC solution
containing 5-5 pM PNA and 7-mer DNA and was incubated at
4 °C for 12 h. After washing with copious amounts of DI water,
the chip was submerged in 1 mL 1 mM water based 6-mercapto-
1-hexanol (MH) solution for 30 min to block the remaining gold
surface. The PNA-DNA duplex was dehybridized by gentle mixing
in 100 mM NaOH for 15 min at 35 °C, then in the same solution
at 25 °C for 30 min. Finally the chips were conditioned in 107> M
KCl +10™* M HCI for 15 min at room temperature.

Potentiometric measurements

The chips were secured in a transport cell to separate two com-
partments, each accommodating a double junction Ag/AgCl elec-
trode (No. 60729.100; Metrohm AG, Switzerland), with 3 M KCl as
inner and 1 mM KCI as outer filling solution. The transpore
potential was measured under continuous stirring by connecting
the electrodes to a high-input impedance (10" Q) 16-channel pH
meter (Lawson Labs, Inc., Malvern, PA, USA). For off-line detec-
tion of the NA binding, the nanopore membranes were incubated
outside of the transport cell by placing a drop of the nucleic acid
sample (107’-107° M) in SSC at 4 °C to avoid evaporation. After
rinsing with SSC and DI water the membrane was mounted in
the transport cell. The potential response indicating the type and
magnitude of the permselectivity was measured by filling the
sample compartment with 10~ M KCl and measuring the poten-
tial change upon increasing the KCI concentration from 10~ M
to 107> M in the reference compartment (facing the SiN, layer of
the nanoporous membrane). For on-line measurements the same
cell setup was used as above but the reference compartment was
filled with 107> M KCl and the nucleic acid samples were added
directly into the sample compartment (facing the tip of the
conical nanopore) and the potential change was measured in
real-time (at 10~"'~10~" M miRNA concentrations).

Simulations

Finite element simulations based on the Poisson and Nernst-
Planck equations were performed using Comsol Multiphysics

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic axisymmetric simulation geometry of the nanopore
based sensor (A) and different locations of the PNA layer considered: (B)
uniform coverage of the whole gold surface, (C) coverage of the external
membrane surface, (D) coverage of the external surface with the surface
density steeply falling to zero at the nanopore entrance.

4.2 software. The simulated geometry consisted of two electro-
Iyte reservoirs connected by a single conical nanopore, which
approximates the average behavior of the seven nanopores
used in the measurements (Fig. 1). An axisymmetric geometry
was used where the axis of the nanopore is the axis of rotation.
The implemented conical nanopore geometry was determined
by Scanning Electron Microscopy (dup = 29.3 nm, dpase =
142.8 nm). The PNA strands and PNA-NA hybrids were
modeled as a 8.7 nm thick layer adjacent to the gold surface.
This length was approximated as the sum of the lengths of a
18-base PNA-DNA double helix (18 x 0.34 = 6.12 nm), twice the
radius of gyration of a 4-base ssDNA (2 x 0.7 = 1.4 nm) and
twice the radius of gyration of a 3-base nucleic acid consider-
ing steric effects only (neglecting electrostatic effects) which
approximates the length of the AEEA and C6-SH linkers (2 x
0.584 = 1.168 nm). We used the values for the radius of gyra-
tion reported by Sim et al*® Although the thickness of this
layer may depend on the PNA surface density, ionic strength
and the state of hybridization, the simulations showed that the
variation of layer thickness in a realistic range (4-9 nm) will
change the results to only a minor extent, ie., causing less
than 7% error.

During simulations the ¢ electric potential satisfied
Poisson’s equation is:

— veg(x) = 2 1)

EoEr

where x is the position vector and p(x) is the space charge
density, that is determined at any x position by the charge and
concentration of charged species at that position (eqn (2)).

p(x) = F(Z zici(x) + ZNACNAPNA> ) @)
i
i=K", Cl",H" PNA

where z is the charge number, c is the concentration and F is

o c
the Faraday constant. Specifically cpna = FIA

———— and Cna—pna
hlayerNA
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Table 1 The values of the constants and ranges of the parameters used in the simulations

Constants/parameters Values Details

Dy* 1.957 x107° [m”* s7'] Diffusion constant of K

Dei™ 2.032x107° [m*s™"] Diffusion constant of CI~

Dy’ 9.31x 107 [m* s’ll Diffusion constant of H"

Dna 9.35x 107" [m*s7'] Diffusion constant of 22-mer microRNA*

ZpNA 5.75 Charge number of 18-mer ssPNA with terminal lysine (at pH 4.2)
Zna -12.7 Charge number of 22-mer microRNA (at pH 4.2)

Opna 5.4 x10"'-7.5 x 10" [em™?] Surface density of PNA

Ky 107°-107% [mol 17"] Dissociation constant of the PNA-NA complex, Kg = Kot/ kon
kon 10*-10° [1 (mol s)™] Association rate constant of the PNA-NA complex

Kot 107-107% [s7] Dissociation rate constant of the PNA-NA complex

Cna 107'"-107" [mol I""] Concentration of microRNA in the sample

are the effective PNA and NA-PNA hybrid concentrations in
1 . .

the PNA layer, opna {—2} is the surface density of the PNA
m

strands, Zjayer is the thickness of the PNA layer, N, is the
Avogadro constant, zpya and zy, are the charge numbers of the
PNA and NA strands. In the simulations we assumed first
order Langmuir type hybridization kinetics with the reaction
rate of the hybridization reaction given in eqn (3).*°

T'hybr = kon(Cpna — CNa—PNA)CNA — KoffCNa—pNA (3)

where k., and k.¢ are the association and dissociation rate
constants and cy, is the concentration of free target sSDNA/
sSRNA. Although deviations from Langmuir kinetics were
reported for the real-time PNA-NA binding (non-equilibrium
conditions)**™*? this assumption is reasonable for equilibrium
conditions which were well described by Langmuir iso-
therms.*® We excluded the non-specific adsorption of NA and
we assumed no free PNA or NA-PNA complexes outside the
PNA layer, thus the terms corresponding to cpna and cna—pna
in eqn (2) are zero outside the PNA layer. Inside the PNA layer
the PNA strands and NA-PNA duplexes were considered to
have a homogeneous space charge distribution. The flux of
charged species is described by the Nernst-Planck equation:

Ni(x) = —D;Vci(x) — z,-%Fci(x)V(ﬁ(x), ()

i=K",Cl",H" NA

VNi(x) =0, i=K" ClI",H" NA (5)

where D; is the diffusion constant, ¢; is the concentration,
z; is the charge number of the ions in the electrolyte and of
NAs, R is the ideal gas constant and T is the temperature. In
the simulations we treated the free ssDNA/ssRNA as uncharged
components that transport only by diffusion to their binding
location (i.e. za = 0). Although this treatment neglects to expli-
citly consider the electrostatic effects on the target nucleic
acids these effects are implicitly contained in the kinetic para-
meters, .e. mainly by lowering the apparent k.

The axis of the nanopore (along the z axis) bears an axial
symmetry boundary condition. The reference electrode in the
base reservoir was grounded (¢ = 0) while the remaining

742 | Nanoscale, 2017, 9, 739-747

boundaries were treated as uncharged walls (—=V¢-n = 0),
where n is the normal unit vector of the given surface. At the
two reference electrodes we assumed the same ion concen-
trations as in the bulk of the solution in the respective com-
partments. The remaining boundaries were impermeable to
ions (Nyn = 0).

According to the measurement conditions, the simulations
assumed a pH of 4.2 where the charge of the nucleic acids was
calculated based on their nucleotide and lysine content and
the nucleotide pks**** with the use of the Henderson-
Hasselbalch equation (see ESIt). The parameters used for the
simulation are summarized in Table 1.

The fitting of the kinetic data was done with the cma 1.1.06
python package which uses a Covariance Matrix Adaptation
Evolution Strategy (CMA-ES) for non-linear numerical optimi-
zation. CMA-ES is a stochastic derivative-free method*® that
uses only the ranking between candidate solutions and is
useful to avoid noise stemming from derivation. To facilitate
the comparative overview of the experimental data and their
theoretical fitting, the results were plotted as potential change
(AE), i.e. by shifting the curves to have zero potential when no
NA is hybridized to the PNA-modified nanopores.

Results and discussion

The starting premises of the work was to exploit the charge
change that occurs upon selective binding of negatively
charged miRNAs to a positively charged PNA-modified nano-
pore. However, since PNAs are neutral at physiological pH a
positively charged, lysine terminated 18-mer PNA strand was
custom-synthesized and used. This ensured anion permselec-
tivity indicated by a negative slope of the transmembrane
potential as a result of increasing the KCI concentration on the
reference side of the nanopore. However, we found that the
anionic response is more robust if the positive charge of the
PNA was further increased by lowering the pH of the solutions,
i.e., by using 0.1 mM HCI as background (actual pH was 4.2).
This pH was selected after calculating the net charges of the
miRNA and PNA strands as a function of the pH. The calcu-
lation took into account their exact sequence as the net charge

This journal is © The Royal Society of Chemistry 2017
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of PNA and NAs can vary in a large extent as a function of their
nucleotide composition (Fig. S2, ESI}).

The direct immobilization of PNA for optimal hybridization
efficiency is rendered difficult on planar gold surfaces by the
strong nonspecific adsorption of the PNA strands and we
found this to be even more critical within a nanoconfinement
with curved surface. To overcome this problem the thiol-termi-
nated PNA strands were immobilized in a prehybridized form
with a short 7-mer complimentary DNA strand that we found
earlier by surface plasmon resonance (SPR) to self-regulate the
surface density of immobilized strands for optimal hybridi-
zation efficiency without the need of lengthy optimization
experiments®” and also to reduce the extent of non-specific
adsorption.** After immobilization of the prehybridized strand
we observed a cationic response that could be turned into an
anionic response by removing the weakly bound short DNA
strand with 0.1 M NaOH (Fig. 2). The anionic response could
be then reverted back to cationic upon contact with the com-
plementary NA (the larger slope than for the 7-mer PNA-DNA
complex is due to the larger negative charge of the 22-mer
RNA strand). Despite of the subnernstian responses, the poten-
tial stability at each KCI level was found to be remarkably
stable (Fig. S3 and S4, ESIf). Of note, voltammetric experi-
ments may also be used to investigate the surface charge of
nanopores as showed very early by Bard®’ through their
current rectification properties. However, to exhibit current
rectification the nanopores should feature a marked geometri-
cal or charge distribution asymmetry.”® In principle such
asymmetries are not required for potentiometric detection
(i.e., even cylindrical nanopores can be used)* and no external

40

30 ©

PNA - RNA (100 nM RNA)

20t

10+

E [mV]

®

PNA - 7mer DNA

1073 1072 10!

cka [M]
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Fig. 2 Typical potential responses for KCl after off-line modifications of
the nanopore array: (A) cationic response after immobilization of PNA-
7-mer DNA duplexes indicating negative surface charge on the nano-
pores (cation-permselectivity). (B) Anionic response after dehybridizing
the negatively charged 7-mer DNA indicating positively charged nano-
pores (anion permselectivity). (C) Cationic response after hybridization
of PNA with 100 nM miRNA. The slope is larger than with 7-mer hybri-
dized PNA due to the higher negative charge number of the bound
22-mer miRNA.
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perturbation is needed, which in case of current rectification
often manifests in hysteresis and scan-rate dependence."’

The effect of the nanopore diameter on the observed poten-
tial response was studied using nanopores with various dia-
meters down to 26 nm. After modification with PNA, the nano-
pores were challenged with 1 pM NA and the potential change
before and after incubation was determined. We found that
the nanopore with the smallest restriction gave the largest
potential response while pores with diameters exceeding
60 nm show practically no response (Fig. 3A). These findings
are in agreement with our previous study on the effect of the
diameter and surface charge density of the nanopores on their
permselectivity.”® The potential response was selective for the
ca. 26 nm diameter nanopore array, ie., the response for NC
NA remained under 5 mV (Fig. 3B). A similarly small non-
specific response was found earlier by SPR,?” which indicates
that the detected response for the NC NA reflects the selectivity
of the PNA probe rather than being a deficiency of the nano-
pore sensing. For the following investigations we used mem-
branes with 7 nanopores of diameters between 26 and 30 nm.
This size range was a compromise rather than an optimum as
the fabrication of smaller diameter pores by FIB would have
been possible at much lower yields and higher geometrical
uncertainty.

Quantitative measurements involving complementary
miRNA (Fig. 4) indicates that a significant potential response
is elicited from 0.1 nM that reaches saturation at around
50 nM and follows a sigmoidal shape. Interestingly, the same
sigmoidal response with narrow dynamic range is also charac-
teristic for potentiometric polyelectrolyte measurements that
use polymeric ion exchanger membrane-based electrodes,>
but their detection limit is ca. an order of magnitude higher.

The potential span for the whole miRNA concentration
range is ca. 50 mV, which is intriguing given that switching
from an ideal anionic to an ideal cationic Nernstian response

60 60
A - B
50 50}
°
40 401
S S
E 30 £ 30
4 ° 4
20 20
10 10l
0 ) [ ] e | 0
0 20 40 60 80 &

pore diameter [nm]

Fig. 3 (A) Potential change measured in response to 1 uM complemen-
tary NA as a function of pore diameter and (B) response to 1 M com-
plementary and non-complementary (NC) miRNA with a membrane
comprising an array of 7 nanopores of 26.5 nm diameter.
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Fig. 4
lated responses considered: (A) different locations of the active PNA layer according to Fig. 1B—D. (The PNA surface density is opna = 5.7 X 10 cm™
(green), opna = 8 X 10%3 cm2 (red), o’Sf\fA = 5.25 x 10* cm™2 with y = 2.44 (blue) and K4 = 5.65 nM.) (B) Different PNA surface densities at the outer
membrane surface, o8, (K4 = 5.65 nM and the PNA layer is the same as on the inset with y = 2.44); (C) different K4 values (68, = 5.25 x 102 cm™
and the PNA layer is the same as on the inset with y = 2.44). (D) Simulation of the relative potential response upon PNA—-NA hybridization as a func-
tion of the PNA location from the nanopore tip (see inset). Simulations were made by moving a PNA layer of 2 nm width (in 3D corresponds to a PNA
“ring”) independently, both along the external and internal gold surface and calculating the relative potential change in response to 100 nM com-

(A) Experimental and simulated potential response of the PNA-modified nanopore sensor as a function of miRNA concentration. The simu-
2

plementary NA.

should result in ca. 120 mV potential difference (Scheme 1) in
the setup we used, i.e. 10~° and 107> M KCl at the sample and
reference side of the nanoporous membrane respectively. The
reason is that neither the PNA-modified nor the miRNA satu-
rated nanopores show ideal permselectivity, ie., there is a
mixed ionic transport with either anionic or cationic transport
dominating, respectively, but without full exclusion of the
oppositely charged ions from the nanopore. The non-ideal
permselectivity of such diameter nanopores may be explained
either by a low surface charge density and/or that the binding
may not occur along the full length of the nanopore. The simu-
lations have shown that with this nanopore geometry it is
impossible to match the experimental results at physically
meaningful K4 and surface density values by assuming a
homogeneous PNA surface density both inside the pore and
on the exterior gold surface. Similarly, if we assumed that a

744 | Nanoscale, 2017, 9, 739-747

homogeneous PNA layer covers only outside the exterior mem-
brane surface, the resulting PNA surface densities needed to
generate a match for the experimental results was significantly
higher than the (2-4) x 10"* em™> maximal values reported in
the literature for the surface density of NAs.>"** After a
systematic simulation study we come to the conclusion that
the best fit is obtained for a PNA distribution which is
homogenous on the external gold surface with a surface
density (o%y,) that gradually falls to zero around the tip of
the nanopore, as described by a power function

2 14
oA X (?ﬂ) (0 <p <m/2) where § is the angle as seen on

Fig. 1D and the exponent y is an additional fitting parameter.
To reach this response the PNA surface density on the
external gold surface was an experimentally perfectly feasible
value (o8¢, = 5.25 x 10"> em™?). By fitting we obtained a Ky of
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5.65 nM and an exponent y = 2.44. The simulations are
very robust as the three main fitting parameters: the location
of the PNA layer, the surface density of the PNA layer and
the equilibrium dissociation constant of the hybridization
have distinguishable influences on the shape of the miRNA
calibration curve:

(i) the location of the PNA layer influences the steepness of
the calibration (Fig. 4A), i.e., if the PNA layer is confined solely
to the outer surface then the dynamic range decreases, while it
increases if the in-pore PNA layer dominated the response;

(if) the surface density of the PNA layer determines the mag-
nitude of the potential response (Fig. 4B) as an increased
surface density of both the PNA and PNA-miRNA layers
increases the charge density on the nanopore which leads to
increased anionic and cationic permselectivity, respectively;

(iii) finally, the K4 determines the concentration corres-
ponding to the inflection point of the sigmoidal curve
(Fig. 4C) with a smaller Ky shifting the curve horizontally
towards lower concentrations, ie., toward lower limit of
detection.

Thus contrary to the general belief that the immobilization
of nucleic acids occurs in a straightforward manner within
nanopores of only few tens of nm diameter, these results show
that this may not be always the case. At this stage the exact
reason for the deficient in-pore immobilization is not known,
however, we assume that the access of larger polyectrolytes
solely by diffusion in the nanopores is hindered by both entro-
pic and charge repulsion effects. The latter means that since
already small ions are excluded from the permselective nano-
pores, the binding of charged species in the vicinity of the
smallest restriction may effectively hinder the access of similar
charge-sign polyelectrolytes even at the relatively high ionic
strength employed during immobilization.

Given the slightly conical shape of the nanopores made by
FIB, the chemical environment of the smallest restriction of
the nanopore (smaller diameter entrance) that includes both
the outer membrane surface and the inner pore surface in its
close vicinity should have the largest effect on the potential
response. Systematic simulations were performed to better
quantify the relative contribution of the in-pore and outer pore
contributions to the potential response. Fig. 4D shows that the
closer the PNA layer is located to the pore entrance the larger
the potential response, however this vanishes when the PNA
layer is further apart than ca. 100 nm from the tip entrance.
Interestingly, while the PNA layer in the pore has a larger con-
tribution to the response, as expected, at sufficiently small dis-
tances from the entrance (in this case ca. 30 nm) the response
starts to be more equally influenced by the outer and inner
PNA layers, i.e., the slope of the relative responses as function
of the distance from the tip becomes comparable. Similar
gating effects were observed with glass nanopore electrodes
where the chemical modification of the external glass surface
had a marked effect on the accessibility of redox mediators to
recessed nanodisk electrodes.”® Overall, however, the contri-
bution of the PNA layer on the outer membrane surface may
not exceed ca. 70% of the PNA layer in the pore at the same
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distance from the entrance. Certainly, the results are valid for
the particular pore geometry used in this study but it is easy to
foresee that conical pores with larger solid angles will increase
the contribution of the outer membrane surface to the overall
response.

While the off-line measurement of nucleic acids was made
only to be able to independently assess the permselectivity of
the nanopores at different hybridization stages, this is not a
practical scheme for nucleic acid analysis. Therefore, we
pursued the real time detection of complementary nucleic
acids by adding the nucleic acid samples directly into the
sample compartment and recording the resulting potential
changes. The results confirmed that the miRNA binding can
be followed label-free in real-time until the equilibrium is
reached, which reveals the kinetics of the binding process. The
implementation of a time-dependent model, as opposed to the
steady state approach, allowed to determine the association &,
and dissociation k. rate constants by fitting the model to
the potential-time trace obtained during miRNA calibration
(Fig. 5). The validity of the theoretical model is further sup-
ported by the excellent fit obtained for the whole microRNA
concentration range. Although an exact comparison is difficult
because of the different experimental parameters and different
NAs used but the k., ko, and Ky obtained in this study are in
agreement with the range of data previously reported for PNA-
NA hybridization on planar surfaces.'®*>**7% It is important
to note that under the experimental conditions used only the
miRNA bound to the sensing zone of the nanopore influences
the potential signal and therefore the unbound target strands
in the sample bulk do not need to be removed. This is a clear
advantage of the proposed potentiometric label-free sensing
principle compared with conventional heterogeneous phase
hybridization assays based on labels and end-point detection.

60
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%

time [h]

Fig. 5 Measured (dot) and simulated (line) potential response of
the nanopore sensor as a function of time. Arrows indicate changes in
the miRNA concentration. The parameters of the fitted model: k,, =
144 x 10° (M )™, kot = 815 x 107* s7%, Ky = 5.65 nM, o, = 5.25 x
10" cm™ and y = 2.44. The inset magnifies the potential response in the
lower concentration range of complementary NA.
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Furthermore the time-dependent model enables the determi-
nation of the kinetic parameters without regeneration between
subsequent miRNA additions.

The theoretically achievable LOD based on the standard
deviation of the potential signal in the blank solution (¢ =
0.08 mV) was estimated to ca. 100 pM, which is in good agree-
ment with the experimentally detected NA concentration
(Fig. 5 inset). While the present study focused on the funda-
mental understanding and demonstration of potentiometric
signal transduction mechanism for nanopore-based nucleic
acid, this non-optimized setup already provides better LOD
than we obtained with SPR measurements (ca. 800 pM),*” the
golden standard method for studying biomolecular interaction
kinetics.

Conclusion

The results support the feasibility of using potentiometric
transduction for the selective detection of nucleic acids
exploiting the charge change that occurs in positively charged
PNA modified nanopores upon hybridization with negatively
charged complementary nucleic acid strands. We were able to
describe the sigmoidal shaped response curves and based on
that, reveal the most probable location of the PNA layer in the
nanopore environment. Moreover, we were able to model not
only the steady state response but also the real-time potential-
time response during complementary nucleic acid additions,
which is unprecedented. Through the corroborative use of the
experimental data and the theoretical model we have esti-
mated the association and dissociation rate constants of the
miRNA hybridization in the nanopore environment. Even this
“simplified” model that neglects the electrostatic and steric
effects posed by hybridization proved to be very useful in
understanding the potentiometric response of nanopore
sensors. The LOD compares favorably with other nanopore-
based nucleic acid sensing principles without amplification
(typically with LODs between ca. 0.1 nM and 1 nM)*>°%¢! but
lags behind methods using salt gradient amplification.®®
However, we believe that the simple detection methodology
that this potentiometric sensing concept offers is very appeal-
ing compared to the complexity of resistive pulse sensing,
which generally requires pores of less than 5 nm in diameter
for direct detection of NAs. The optimization of the nanopore
geometry and modification along the directions determined in
this study may further improve the analytical performance.
Moreover, the proposed potentiometric scheme might be
readily adapted for detection of other polyions with great prac-
tical importance, such as heparin.
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