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ABSTRACT: Probe-modified nanopores/nanochannels are one of the most advanced ~ _ Experiment
sensors because the probes interact strongly with ions and targets in nanoconfinement [ { ¢ 111
and create a sensitive and selective ionic signal. Recently, ionic signals have been ﬁ"’“’"'ﬁ
demonstrated to be sensitive to the probe—target interaction on the outer surface of ~_ High probe density
nanopores/nanochannels, which can offer more open space for target recognition and {4224/
signal conversion than nanoconfined cavities. To enhance the ionic signal, we :

investigated the effect of grafting density, a critical parameter of the sensing interface,
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experimental results showed that when adding the same number of targets, the § value 2| = T
increased with the probe grafting density on the outer surface. A theoretical model with %’E 3'% K Spomarrrrprer————

clearly defined physical properties of each probe and target has been established.

Numerical simulations suggest that the decrease of the background current and the aggregation of targets at the mouth of
nanochannels with increasing probe grafting density contribute to this enhancement. This work reveals the signal mechanism of
probe—target recognition on the outer surface of nanochannels and suggests a general approach to the nanochannel/nanopore

design leading to sensitivity improvement on the basis of relatively good selectivity.

Bl INTRODUCTION

Nanopores and nanochannels have attracted wide attention
because of their pore sizes at the nanoscale level, and the
corresponding spatial confinement on the ionic current inside
that makes the extremely weak change of the target identifiable
using ionic signals.'~® With the growing demands for highly
sensitive sensing or even analysis at a single-molecule level,
where efficient signal conversion will be needed, these systems
are considered a potential solution for DNA sequencing,”~ '
trace elements analysis,"'~"> molecular chemical reaction
monitoring,'”'> and early screening of major diseases.'*™"?
The most advanced sensors, such as probe-modified solid-
state nanochannels, capture targets by the probes immobilized
on the surface of nanochannels, thus, further tailoring the
channel—electrolyte interface and generating ionic signals.”’~*
The strong affinity between the targets and the well-chosen
probes explains the high specificity of analyses.”*~' Moreover,
solid-state nanochannels are advantageous over biological
nanopores in plasticity, mechanical strength, and integra-
tion.' > However, because of the confined space in nano-
channels, it is difficult for targets to arrive at the location of
probes, thus, resulting in low recognition efficiency.”>*>
Nowadays, most nanopore or nanochannel research is focused
on enhancing the effect of targets on the ionic current for high
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sensitivity but the recognition efficiency between probes and
targets has been ignored.

Recently, multiscale target recognitions from ions to cells
without any limitation of the pore sizes of nanochannels have
been achieved by the probe—target recognition on the outer
surface of solid-state nanochannels.” Through the rejection by
the nanochannel’s mouth and the Au—thiol interaction,>”*® in
a Au-coated nanochannel with narrow pore size, the thiol-
modified probes were unable to go deep into cavities and were
immobilized on the outer surface and the mouth of the
nanochannels. The targets captured by these probes would
change the potential of the outer surface and the steric
hindrance of the pore mouth, thus producing the ionic signal.”’
Compared with the narrow space inside nanochannels, the
outer surface and the mouth are exposed to the solution of
targets, which can not only accept probes or capture targets
larger than pore sizes but also greatly improve the recognition
efficiency between probes and targets.36_40 However, until
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now, the signaling mechanism of probe—target recognition on
the outer surface of nanochannels is unclear. Meanwhile, the
ionic signal needs to be further studied to trace target analysis
in a complex matrix.

The aim of this work is to determine the relationship
between the grafting density of probes on the outer surface and
the ionic signal for sensitivity enhancement. As a significant
parameter of the sensing interface, the influence of the probe
grafting density in nanopores or nanochannels has been
ignored for a long time because it is difficult to precisely
control and characterize the distribution of probes inside the
nanoconfined cavities. This effect was only roughly inves-
tigated through fluorescence characterization and numerical
simulations in our previous work.*’ Now, high-resolution
characterization methods, including surface charge and steric
hindrance, are available for the probes on the outer surface of
nanochannels.”

In this study, the electroneutral peptide nucleic acids
(PNAs) acting as probes for DNA targets were immobilized
on the outer surface of Au-deposited poly(ethylene tereph-
thalate) (PET) nanochannels. The electrochemical method
and the time-of-flight secondary ion mass spectrometry (ToF-
SIMS) were used to characterize the grafting density and
spatial distribution of probes and targets. The results showed
that when adding the same number of targets, the change rate
of the ionic signal before and after target recognition (f =
(Ipmbe rtarget — Ipmbe) / Ipmbe) under +2 V bias increased with the
probe grafting density. A model of numerical simulation with
independent units to describe a single PNA probe and DNA
target has been established, which helped in understanding the
decrease of the background current (I,) and the enhance-
ment of target recognition at the mouth of nanochannels with
the grafting density of probes. Our work reveals a combination
of the precise characterization methods and the numerical
simulations at a molecular level for tailoring the sensing
interface and optimizing the sensing performance of nanopores
or nanochannels.

B EXPERIMENTAL METHODS

Preparation of Au-Coated Nanochannels. Nanochan-
nel arrays with a pore diameter of 30 nm and a depth of 12 ym
were prepared through chemical etching of the commercial
ion-tracked poly(ethylene terephthalate) (PET) membrane.*”
A Cr layer (20 nm) and a Au layer (30 nm) were sequentially
deposited on one side of the nanochannel arrays.

PNA Immobilization and DNA Hybridization. 5'-
Thiolated PNA solution (30 uM) and 30 mM tris(2-
carboxyethyl) phosphine hydrochloride (TCEP) were added
into the Tris buffer (pH 7.4, containing Tris(hydroxymethyl)
aminomethane 20 mM, NaCl 150 mM, MgCl, S mM) at a
volume ratio of 1:10 to prepare PNA solution at different
concentrations (1, 10, and 100 nM). After standing for 1 h, the
solution was dropped on the Au-coated nanochannel array and
allowed to react for 1 h. The array was rinsed with water and
dried under argon and then added with Tris buffer containing
1 uM 6-mercapto-1-hexanol (MCH) for 1 h for surface sealing.
After rinsing with water and drying under argon, the Tris buffer
of DNA targets was added on the 6 mm X 6 mm PNA-
modified PET membrane overnight. The volume of the
solution dropped on each membrane in the above steps was 30
uL.
Characterization of the Probe Grafting Density on
Nanochannels. The Au-coated PET array modified with

different grafting densities of DNA-SH, using different
concentrations (1, 10, and 100 nM), was immersed in a 60
mL phosphate buffer (pH 7.4) for 1S min under a N,
atmosphere. Chronocoulometry (CC) was performed from
0.2 to —0.5 V using a Pt electrode as an auxiliary electrode, a
Ag/AgCl electrode as a reference electrode, and a Au-coated
PET as a working electrode.’® The electrolyte was removed
after recording the forward intercept Q,. The electrodes were
operated in 0.5 mM [Ru(NH,)4]Cl, of PB buffer (pH 7.4)
after the injection of nitrogen for 15 min to obtain the forward
intercept Q- The grafting density of thiol-modified DNA on
the surface of the PET membrane was calculated using the
following two equations

21, FADY ¢
Q=2+ Q, + noFAL
T (1)
zZ
rro — ﬂi
P n (2)

In eq 1, ny is the number of electrons for one [Ru(NH;),]**
reduction, F is Faraday’s constant, A is the area of the working
electrode (cm?), D, is the diffusion coefficient (cm*s™"), ¢, is
the solution concentration (mol-cm™), and A is the moles of
[Ru(NH;)4]** adsorption per unit area (mol-cm™2). The
intercept at t = 0 is Q,, = Qy + nyFAA after adding
[Ru(NH;)s]Cl;. 4 was calculated from Q,,, — Qo. For eq (2),
2, is the valence of [Ru(NH,)¢]**, # is the number of DNA-SH
bases, and N, is Avogadro’s constant. The probe grafting
density [, (cm™) was obtained by substituting 4 into eq 2.
The sequence of thiol-modified DNA was identical to the PNA
probe.

¢ Potential Measurement. A measure of 2 uL of thiol-
modified PNA (30 uM) and 20 uL of TCEP (30 mM) was
added into water to prepare a total volume solution of 100 L,
and then allowed to react for 1 h. After centrifugation, 100 uL
of the supernatant was extracted from 600 uL of Au
nanoparticle sol (1 nM), and then 100 uL of the well-reacted
PNA solution was added. The sol was shaken overnight at 500
rpm in the dark at 4°. Finally, MCH was added to the sol to
obtain a concentration of 1 M. { Potential was measured with
a Zetasizer (Nano-ZS90, Malvern Panalytical) after 1 h
reaction. The DNA-SH-modified Au nanoparticle sol was
prepared in the same way as described above. In addition, the {
potentials of the untreated and directly MCH-sealed Au sol
were also measured.

lon Current Measurement. The PET membrane was
clamped in the middle of a custom-made two-chamber
electrochemical cell (Figure S10), and then, the cell was
injected with 100 mM KCI solution. A pair of homemade Ag/
AgCl electrodes were applied at both ends to apply a scanning
voltage as the driving force for ion transport. An electro-
chemical workstation (CHI, Shanghai) was used to record I-V
curves.

ToF-SIMS Measurement. ToF-SIMS V (IONTOF,
GmbH) was used to characterize the distribution of Au,
PNA, and DNA on the surface of PET nanochannels. The
depth corresponding to the PET (marked by C,~)-normalized
intensity reaching 5% was considered as the position of the
contact interface between Au and the nanochannel.

Numerical Simulation. The theoretical model of PNA
probe modification on the outer surface of nanochannels was
established using the multi-physical field software COMSOL,
as shown in Figure S11. In our model, PNA molecules were
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Figure 1. Experimental results of the effect of the grafting density of PNA probes on the ion current before targets were captured. (a) Schematic
diagram representing the different effects of the probes with low or high grafting density on ionic currents. (b) Distribution of PNA, Au, and PET in
the nanochannels characterized by ToF-SIMS. (c) Changes of the PNA probe grafting density and ion current under +2 V bias with the PNA

concentration in a buffer.

uniformly distributed on the left outer surface of the
nanochannel and the part with a reduced pore size (pore
mouth) was in the form of a cylinder with 2 nm in length and 1
nm in diameter. The amount of PNA is proportional to the
probe grafting density.

Before target hybridization, the surface charge density of the
columns is zero because the PNA has no charge. When the
target DNA binds to the PNA probe, the length of the column
increases to 4 nm since the chain length becomes longer as the
molecular chain becomes more rigid. Meanwhile, the
introduction of DNA makes the probe negatively charged
and its surface charge density o, can be obtained by the
following equation

g (n"+1)e

175 $ (3)
where q is the amount of charge carried by a target DNA
molecule, S is the surface area of the column in contact with
the solution after hybridization, n* is the number of DNA
bases, ¢ is the elementary charge, and o, is the surface charge
density of PET nanopores.

The transport of cations and anions driven by the electric
field can be described by the coupled Poisson—Nernst—Planck
equations

] D(V Lty ) +
= =D C: cu
i i i RT @ i (4)
F
Vip=-= zZC
(p 8 11 (5)
Vi = (6)

The Nernst—Planck equation (4) describes the transport
characteristics of ions in nanochannels, including diffusion,
electromigration, and convection, where J;, D, ¢, and z
represent the ion flux, diffusion coefficient, concentration,
and valence of each ion, respectively; ¢ and u represent the
potential and the fluid velocity; and F, R, and T are Faraday’s
constant, ideal gas constant, and absolute temperature. The
fluid velocity # within the nanochannels should not be
neglected when the electro-osmosis effect is considered, and
the flow distribution can be determined by the Navier—Stokes
equation42

uVuy = 1 ~Vp +nV’u—F E zc; |V
r i (7)

where p and 5 are the density and viscosity of the fluid,
respectively, and p is the pressure; p = 1 X 10> kgm™> and =1
X 107 Pa-s. In the simulation, the electrolyte solution is
assumed to be incompressible (V-u = 0). The Poisson
equation (5) describes the relationship between the potential
of nanochannels and ion concentration, where & is the
dielectric constant of the solution; eq 6 is the steady-state
condition. The coupled equations above can be solved under
appropriate boundary conditions. Finally, the transmembrane
ionic current (I) is calculated by integrating the jonic flux along
the corresponding cross section, that is,

2
I:Ffs Z;ZJ, -ndS o

where n is the normal vector of surface S.
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Figure 2. Numerically simulated results of the effect of the PNA probe grafting density on the ion current before targets were captured. (a)
Schematic illustration of the numerically simulated model transforming the independent probes into a unit with given physical meaning. (b)
Simulated results of the effect of the grafting density of probes only on the outer surface, the pore mouth, or both the outer surface and the pore

mouth.
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Figure 3. Experimental results of the effect of PNA probe grafting density on the ionic signal after the same amount of DNA targets were captured.
(a) Schematic illustrations describe the same amount of DNA captured by the PNA of different grafting densities and its effect on the change rate
of the ionic current. (b) Distribution of the PNA probes and the DNA targets in the nanochannels. Dashed and solid lines represent the element
distribution in the nanochannels of low grafting density and high grafting density, respectively. (c) Relationship between the f value and the
grafting density of PNA probes after hybridization with different concentrations of DNA targets.

B RESULTS AND DISCUSSION

The Au deposition on the outer surface of the nanochannels
could create a new surface, allowing thiol-modified probes to
be locally immobilized on it through Au—thiol interac-
tions.”™** In this work, thiol-modified PNA probes were
immobilized on a Au layer with a thickness of 50 nm deposited
on the outer surface of PET nanochannels (Figure la and

scanning electron microscopic images in Figure S1). PNA was
used as a model to investigate the steric effect of the probe on
the outer surface on ion transport due to its electroneutrality
characteristic and hybridization with DNA via the principles of
Watson—Crick base pairing.***® The spatial distribution of
each element in nanochannels was characterized using the
ToF-SIMS, in which the signal of S™ was used to characterize
the distribution of thiol-modified PNA. The ToF-SIMS results
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Figure 4. Establishment of the nanochannel model after the same amount of DNA targets were captured and its simulated results. (a) Schematic
representation that transforms the actual situation after DNA hybridization into a physical model. (b) ¢ Potential of Au nanoparticles modified with
various functional molecules. (c and e) Schematic diagram of the same number of DNA targets with different distributions on the outer surface and
the mouth of nanochannels. (d and f) Numerical simulation results of the relationship between the PNA probe grafting density and the ion current

of the nanochannel before and after target binding.

indicated that the PNA was immobilized on the Au surface and
mainly distributed on the outer surface of the nanochannels
and the mouth with a depth of 15 nm (Figure 1b). When
considering the intensity of Au to normalize, the intensity of
the PNA at the pore mouth for the sample using higher PNA
concentration in the precursor was higher, which indicates that
more PNA was distributed at the pore mouth compared with
the sample using a lower PNA concentration in the precursor.
The grafting density of PNA probes was adjusted by adding
the same volume but different concentrations of PNA within
the same area of the Au layer (6 mm X 6 mm). The grafting
density of DNA can be quantitatively measured by the
electrochemical method of Ru(III) ions absorbed on their
phosphate backbones.’”***” Here, the grafting density of the
PNA probes was roughly obtained by measuring the grafting

density of thiol-modified DNA with the same sequence and
concentration in buffer solution. With the increase of the PNA
probe concentration in buffer, the grafting density of PNA
increased, and the transmembrane ion current (Ipe)
decreased, which is indicated by the current—voltage (I-V)
curves (Figures lc and S2).

The Poisson—Nernst—Planck (PNP) equations were used to
numerically simulate the ionic current of the nanochannels
with different grafting densities of PNA probes on the outer
surface, in which the measured values of the grafting density
and distribution of PNA were used. Commonly, the changing
of the pore size reflects the change of the steric hindrance in
numerical simulations.*""**7>! However, it cannot reflect the
change of the probe grafting density (Figure S3). With the
construction of the geometric model for the independent
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with the same distribution.

probe (Figure 2a), the physical meaning of each probe has
been taken into account, which precisely reflects the change of
the probe grafting density. After the current I obtained by
numerical simulation was normalized with the transmembrane
ion current I, (simulated value) of Au-deposited PET without
modification of any functional molecules, the normalized
current results confirmed the experimental results that the
steric hindrance increased with the grafting density of PNA
probes, no matter whether they were immobilized at the outer
surface or the pore mouth. The modification of probes on the
outer surface and pore mouth caused a greater current decrease
due to the combined effect of steric hindrance in the two
regions. Therefore, the curve (a) + (b) in Figure 2b (calculated
from 1 — (1 — curve a) — (1 — curve b)) representing the sum
of the effects of steric hindrance from the two parts of probes
on the current was close to the simulated result (Figure 2b

Simulated (a) + (b)) obtained when probes were immobilized
at both the outer surface and pore mouth simultaneously.
We designed a series of analysis experiments using the thiol-
modified PNA as the probe and its complementary DNA as the
target to investigate the effect of the probe grafting density on
the ionic signal. The same amount of DNA was added on the
nanochannels modified with different grafting densities of PNA
(Figure 3a). In the spectrum of ToF-SIMS, the distribution of
DNA was characterized using PO;™ as the marker (Figure 3b).
In nanochannels with low or high probe grafting density, the
distribution depth of the DNA targets was nearly the same.
However, for the nanochannels with high PNA probe grafting
density, the relative intensity (normalized by the intensity of
Au) of the DNA target at the pore mouth was greater than that
with low PNA probe grafting density. This illustrated that
more DNA targets were captured at the pore mouth of the
nanochannels with a higher PNA probe grafting density. This
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phenomenon may be attributed to the fact that more probes
were distributed at the pore mouth for the sample with a
higher probe grafting density. The ionic current before ()
and after adding the target (Iobestarger) Was measured by =V
tests (Figures S4 and SS). Taking the current at + 2 V for
comparison, the change rate of ion current (ff = (Ipmbe +target —
Ipmbe)/ Ipmbe) was calculated. The f value reflects the
conversion efficiency from target characteristics to the ionic
signal, related to the sensitivity and specificity of nanopore/
nanochannel analyses.***"***>7% As shown in Figure 3c, the 8
increased with the grafting density of PNA, which was further
confirmed by four parallel experiments using different
concentrations of DNA targets.

The effect of probe grafting density on the ion current after
the target being captured was investigated by numerical
simulations. Based on the model shown in Figure 2,
independent units were built in the simulated model to
describe each charged target. Compared with a single PNA
probe, the presence of hybrid complexes of the PNA probe and
DNA target resulted in increases of the negative charge and
vertical height, which was well reflected in the simulated model
discussed above (Figure 4a). The { potentials of the MCH-,
PNA-, and DNA-modified Au surfaces were measured and
assigned to the model (Figures 4b and $6). In an ideal
condition, when the distribution of the target in the
nanochannel with a lower and higher probe grafting density
is the same, the simulation results showed that the B value
increased with the increase of the PNA grafting density
(Figures 4c and S7a). It was mainly attributed to the decrease
of I,ope (Figure 4d). In the actual situation, the higher grafting
density of the probe leads to more DNA molecules at the pore
mouth (Figure 3b). The results of the model consistent with
the facts showed that § also increased with the probe grafting
density and was greater than that in the ideal condition
(Figures 4e and S7b). This phenomenon resulted from the
decrease of I as described above and the increase of
Lirobestarger DeCause of more negatively charged targets being
captured at the pore mouth (Figure 4f). The simulation results
of the relationship between the number of DNA targets
distributed in different regions of the nanochannel and  under
the same probe grafting density further illustrate the above
phenomenon (Figure S8).

We further theoretically investigated the effect of the target
at the mouth of the nanochannel on ionic signals.”"*” Since the
present model is able to set the steric hindrance and the charge
of each probe and target, three models have been established
using different types of probes and targets but with the same
distribution, including model 1 of electroneutral PNA probe
and PNA target, model 2 of electroneutral PNA probe and the
negatively charged DNA target and model 3 of the negatively
charged DNA probe and DNA target (Figure Sa—c). In model
1, the f value was negative and decreased with the grafting
density of PNA probes, which resulted from the increase of
steric hindrance and the decrease of I pestarger by adding the
PNA target (Figures 5d and S9). Compared with model 2, the
P value of model 3 was greater. Color maps of K ions in the
nanochannel at +2 V indicated that a great aggregation of K*
ions occurred around the negatively charged PNA + DNA or
DNA + DNA complexes (Figure Sa—c). Compared with PNA
+ DNA complexes, the double negative charge of DNA + DNA
complexes enhanced the effect of the electric double layer and
the corresponding ionic signal. These results indicated that
both the change of probe and the distribution of the target in

the channel would change the S value, which is a critical ionic
signal reflecting the sensitivity and selectivity of nanopore/
nanochannel analyses.

B CONCLUSIONS

In conclusion, we have investigated the effect of probe grafting
density on the outer surface of nanochannels on the ionic
current theoretically and experimentally. Electroneutral PNA
and negatively charged DNA were used as probes and targets,
respectively. In the experimental means, electrochemical
methods using Ru(IIl) ions as markers and ToF-SIMS have
been applied to precisely characterize the grafting density and
distribution of probes. In the theoretical means, refined models
in numerical simulation with the specific definition of each
probe have been built, which reflect the effect of the probe
grafting density on the ionic signal. The theoretical and
experimental results were in good agreement with each other,
confirming that the change rate of the ion current increased
with the probe grafting density. More importantly, de novo
characterization methods and simulated models have been
established to precisely investigate the effect of the spatial
distribution of the probe and the target on the ionic signal.
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