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Abstract

Nanoscale electrophoresis allows for unique separations of single molecules, such as DNA/RNA
nucleobases, and thus has the potential to be used as single molecular sensors for exonuclease
sequencing. For this to be envisioned, label-free detection of the nucleotides to determine their
electrophoretic mobility (i.e., time-of-flight, TOF) for highly accurate identification must be
realized. Here, we for the first time show a novel nanosensor that allows discriminating four 2-
deoxyribonucleoside 5’-monophosphates, ANMPs, molecules in a label free manner by nanoscale
electrophoresis. This was made possible by positioning two sub-10 nm in-plane pores at both
ends of a nanochannel column used for nanoscale electrophoresis and measuring the longitudinal
transient current during translocation of the molecules. The dual nanopore TOF sensor with 0.5, 1,
and 5 um long nanochannel column lengths discriminated different dANMPs with a mean accuracy

"Authors to whom correspondence should be addressed. Sunggook Park, Department of Mechanical Engineering, Louisiana
State University, Baton Rouge, LA 70803, USA; Center of Bio-Modular Multiscale Systems for Precision Medicine, USA;
sunggook@Isu.edu; Steven S. Soper, Department of Chemistry, University of Kansas, Lawrence, KS 66047, USA, Center of
Bio-Modular Multiscale Systems for Precision Medicine, USA; Bioengineering Program, University of Kansas, Lawrence, KS
66047, USA; Department of Kansas Biology and KUCC, University of Kansas Medical Center, Kansas City, KS 66160, USA;
isoper@ku.edu.

These authors contributed equally to this work.
Author Contributions
13.C. and Z.J. contributed equally to this work. S.P. and S.S. conceived the work, supervised the project, and revised the manuscript.
J.C. and Z.J. developed the fabrication protocol of the nanosensor and most of single molecule translocation work and drafted the
manuscript. R.R. performed part of single molecule translocation work. C.M. developed the custom current amplifier used for the
dNMP translocation work. C.A. and K.W. supported preparation of biomolecules and helped with single molecule translocation
experiments.

The authors declare no competing financial interest.

Supporting Information The supporting information is available free of charge at https://pubs.acs.org/
Additional figures and text (PDF)


https://pubs.acs.org/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Choi et al. Page 2

of 55, 66, and 94%, respectively. This nanosensor format could broadly be applicable to label-free
detection and discrimination of other single molecules, vesicles, and particles by changing the
dimensions of the nanochannel column and in-plane nanopores and integrating different pre- and
post-processing units to the nanosensor. This is simple to accomplish because the nanosensor is
contained within a fluidic network made in a plastic via replication.
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A dual-nanopore time-of-flight (TOF) sensor, which consists of two in-plane nanopores formed
at both ends of a nanochannel column, is designed and fabricated to determine the mobility of
single molecules in nanoscale electrophoresis in a label-free manner. This novel nanosensor with
a 5 um long nanochannel column demonstrates discrimination of four dANMPs molecules with a
mean identification accuracy of 94%.

Keywords

nanoscale electrophoresis; polymer nanofluidic biosensors; in-plane nanopore sensing; molecular
time-of-flight; identification of mononucleotides; nanoimprint lithography

INTRODUCTION

Single-molecule sequencing has attracted significant interest in the area of diagnostics as
their development paradigm moves towards precision medicine that requires production
and handling of a large amount of genomic data from small amounts of input material.

[1, 2] While the sequencing-by-synthesis technology dominates currently, this technology
requires significant sample preparation and amplification steps, the use of costly biological
reagents such as fluorescently labeled molecules, and expensive imaging and data-handling
instruments.[3-7] Single-molecule sequencing, which does not require amplification and
labeling steps, would simplify the entire sequencing process significantly reducing costs
and time of acquiring sequencing data, and is thus more adaptable to clinical translation to
enable precision medicine even from mass-limited samples such as those provided by liquid
biopsies.[8]
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Nanopores offer a fast and low-cost sequencing platform that does not require labeling

and sample amplification.[6, 7, 9-13] The basic principle of nanopore sequencing is

to electrically drive charged single molecules, either an intact DNA molecule in strand
sequencing or individual nucleotides cleaved from the DNA in exonuclease sequencing,[10,
13-15] through a nanopore and determine the identity of each constituent nucleotide by
monitoring small changes in the ionic current flowing through the pore while individual
nucleotides temporarily reside within the pore (i.e., resistive pulse sensing, RPS).[13, 16]
Strand nanopore sequencing has demonstrated whole-genome sequencing[14] with long
read lengths to 134 kb.[15] Compared to strand nanopore sequencing,[9, 12-14, 17, 18]
exonuclease sequencing, a sequencing-by-subtraction technology, has far less been explored
despite its potential of long reads and the fact that only a single nucleotide occupies the
pore at any time that can improve read accuracy. A major huddle is that diffusion of
cleaved nucleotides makes many bases escape prior to being shuttled into the detection
element of the nanopore.[13, 17, 19] An increase in driving voltage may reduce diffusional
artifacts, but at the same time it lowers the accuracy of discriminating molecules due to
fast translocation, thus limiting the use of nanopore sensors for exonuclease sequencing.
[19] This limitation is associated with the nature of current nanopore sensing, where both
sensing and discriminating of nucleotides are done simultaneously using current transient
amplitudes. A nanosensor that decouples sensing and discriminating functions with no
unfavorable effects arising from increasing driving voltage would assist in using nanopore
sensors for exonuclease sequencing.

In the present work, we demonstrate a novel nanosensor format, which combines nanoscale
electrophoresis with nanopore sensing that can identify single nucleotides in a label free
manner with high accuracy. Nanoscale electrophoresis was used as the discrimination
mechanism of different nucleotides while nanopore sensing was used to detect the passage
time of a single molecule between both ends of a hanochannel column to determine the
electrophoretic-dependent time-of-flight (TOF). Recently, near baseline separation of four
fluorescently-labeled deoxynucleotide monophosphates (ANMPs) has been demonstrated
using nanoscale electrophoresis in thermoplastic nanochannel columns built in poly(methyl
methacrylate), PMMA.[20] Herein we report an identification accuracy of four dNMPs of
94% with the nanosensor using a 5 um nanochannel column length and this identification
accuracy was found to be nanochannel column length dependent. Our nanosensor, when
combined with exonuclease clipping of DNA/RNA biopolymers prior to nanosensor readout,
[21] will allow realization of an exonuclease sequencing platform with high single read
accuracy.

RESULTS AND DISCUSSION

Design and fabrication of dual-nanopore TOF sensor.

The dual-nanopore TOF sensor consists of a pair of in-plane nanopores poised on either end
of a nanochannel used for the electrophoresis, which was made in a polymer substrate

in a single step via nanoimprint lithography, NIL (Figure 1). When a molecule was
electrokinetically driven through the first in-plane nanopore, the nanochannel column, and
the second in-plane nanopore sequentially, two consecutive current transient signals were
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produced from which the molecular TOF was read in a label-free manner (Figure 1a).
There are two important design requirements for the nanosensor. First, the nanochannel
width and depth should be less than 100 nm to allow for molecular-dependent transport
time determined by nanoscale electrophoresis, which uses a combination of electrophoretic
and chromatographic effects for the dANMPs.[20] A series of nanopores have been used

to improve detection capabilities of RPS and to measure the electrophoretic mobilities of
virus capsids[22-26] and DNAs.[27, 28] While the use of a series of nanopores reduced

the standard deviation of the pulse amplitude distribution in determining the sizes of virus
capsids[25, 26] and molecular noise and trans-pore linearization in nanopore sensing of
DNA,[28] the electrophoretic mobilities did not differentiate particles of different sizes.[23,
27] Unique to our nanosensor design is the use of a sub-100 nm column for electrophoresis
instead of hundreds of nanometers- or micron-scale columns in the previous examples,
[22-27] which provides a significant longitudinal electric field drop between the two in-
plane pores to drive electrophoresis (Figure S1 and Figure S2, COMSOL simulation results
in Supporting Information). Second, the two in-plane nanopores should be small enough to
create current transient signals with sufficient signal-to-noise ratios to detect the TOF of
the molecules being interrogated. For detecting the passage of nucleotides, the equivalent
diameter of the in-plane nanopores after cover plate bonding should be sub-10 nm to ensure
sufficient signal-to-noise ratios, which will be discussed later.

The dual-nanopore TOF sensor was fabricated using a single step NIL process following a
procedure (Figure 1b) that has been developed previously.[29] Figure 1c-e shows scanning
electron microscopy (SEM) images of the Si master, the cured UV-resin mold, and the
UV-imprinted PEGDA substrate, which clearly shows two in-plane pores at both ends of
the nanochannel column. Different from the circular pore shape in conventional nanopore
membranes, the in-plane nanopores in our sensor are a shallow V-shape attributed to the
nature of the FIB milling used for fabricating the Si master. For the imprinted PEGDA
devices, the depth of the in-plane nanopores was 12 + 2 nm (Figure 1e) and the width and
depth of the nanochannel column were 54 + 3 nm and 75 = 3 nm, respectively.

The final, but critical step in the device fabrication was thermal fusion bonding of a

cover plate to the imprinted PEGDA substrate, and this was done at 1 MPa and 70 °C

for 15 min to form an enclosed nanofluidic device. The size of the enclosed in-plane
nanopores is determined during this step because the bonding process inevitably involves
mixing of polymer chains at the interface resulting in a reduction in the pore size.

Because it was difficult to determine the exact pore size and shape after the cover plate
bonding using microscopy, we estimated the pore size by measuring the conductance
through the pores after filling the device with a 1 m KCI containing 1x TE (pH 8.0)

and comparing the measured conductance with the simulated conductance (Figure S3,
Supporting Information).[30] Only devices showing an equivalent diameter <10 nm were
used for ANMP translocation experiments. With the imprinting and bonding parameters
determined, the process yield to produce nanopores with diameters less than 10 nm was

~ 90%. However, it is difficult to control the pore size within the sub-10 nm range with

the current fabrication protocol of passively controlling imprinting and bonding conditions.
Controlling the pore size within the sub-10 nm regime may be possible if the pore size can
be controlled actively in a closed loop with the measured transient currents as a control input

Small. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Choi et al.

Page 5

while applying bonding force. A similar concept has been demonstrated,[31, 32] where the
nanochannel size made in PMDS was actively controlled by applied external force.

Label-free detection of dNMPs.

The ability of the dual-nanopore TOF sensor to obtain molecular TOFs was examined by
translocating unlabeled dNMPs through the sensor electrokinetically and measuring the
longitudinal transient currents through the sensor. All experiments were carried out with a
1 m KCI solution containing 0.5x TBE at room temperature. The dNMP concentration was
0.01 ng-uL~1. Figure 2a shows a typical transient current (I-t) trace obtained for dCMP at
pH 10.0 in the nanosensor using a 0.5 um-long nanochannel column at a driving voltage
of 3 V. An open-pore current of 11.3 nA corresponds to an equivalent pore diameter of ~3
nm assuming that the nanopore length is 10 nm as determined by the COMSOL open-pore
current simulation. At pH 10.0, the transient current peaks were detected when molecules
were driven to the cathode (in the direction of electroosmotic flow, EOF)[33] while the
molecular translocation to the anode (in the direction of electrophoresis, EP) was observed at
a pH value of 8.0.

An example peak pair and a magnified transient current peak are shown in Figure 2b and
Figure 2c. The peak amplitude and dwell time were in the range of 0.8-2.5 nA and 0.18-0.58
ms, respectively. The peak amplitudes measured were comparable to that obtained by static
COMSOL simulations with/without the presence of a 1 nm particle (Figure S3, Supporting
Information). The detection of mononucleotides with 3-10 nm pores is unprecedented,
which is partly due to the in-plane design with sequential nanostructures associated with
our nanosensor design. To date, the detection and differentiation of dNMPs has only

been reported via transient current amplitudes with biological protein nanopores[13, 17,

34] and synthetic nanopores with a diameter of ~2.3 nm formed in a monolayer MoS,
membrane[35] and a 1.8 nm pore formed in a SigN4 membrane.[36] The transient current
signals of the dNMPs seen for our in-plane nanopores are attributed to the combined effects
of ion concentration gradients present at both sides of the in-plane nanopores[37] and the
compartmental limitation due to ionic flow induced by the presence of the nanochannel
column and inlet/exit nanochannels.[38] Lee et al. showed that a 500 nm long guide
nanochannel with a diameter of 150 nm built prior to a 5 nm Si3Ny4 pore resulted in a
2.5-fold increase in the peak amplitudes and a 20% reduction in the translocation velocities
for detection of DNA compared to those without the guide nanochannel.[38] The conical
shape of the in-plane nanopores also contributes to the enhanced signal.[39]

The dwell time of individual dNMPs through in-plane nanopores was significantly longer
compared to the speed of DNA translocation of ~1 base/us through nanopore membranes
without an adaptor modification.[40] The slow translocation time was also associated with
the presence of multiple nanostructures around the in-plane nanopores.[38] The COMSOL
simulation results from Lee et al. showed that the slow translocation of DNA is associated
with a strong EOF drag in the guide nanochannel, where the maximum difference would
be in the order of 100.[38] Thus, the measurement of small currents with our nanosensor
does not seem to require high bandwidth in the MHz range even for relatively high applied
voltages. Also, a sampling rate of 250 kHz used in our experiments was sufficient to detect

Small. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Choi et al.

Page 6

the passage of molecules using our dual-nanopore TOF sensor platform without signal
aliasing.

Among the peaks that were observed in Figure 2a, most were paired, as marked by red
asterisks. The first and second peaks of each pair were assigned to the passage of a

dCMP molecule through the first and second in-plane pores, respectively, and the time
interval between the two peaks corresponded to the TOF of the molecule through the
nanochannel column. We developed a selection criteria to determine peak pairs,[27] the
details of which are provided in the Supporting Information (Figure S4). In previous work
by Langecker et al.[27] where double-stranded (ds)-DNA was detected by stacked nanopores
with diameters of 23 and 28 nm, 94% of detected peaks could unambiguously be assigned
to the translocating dsDNA. The reasons for unpaired peaks found in this work are mainly
two folds; first, one of the two translocation events from a single molecule is undetectable
(missing peaks) and, second, more than one molecule could be located in the flight column
(molecule overlapping). The former case (missing peaks) may be attributed to the relatively
large size (3-10 nm in equivalent diameter)[41] and the shallow V-shape of the in-plane
nanopores,[42] so that molecules translocate at different locations within the nanopore
leading to variations in transient current signals giving rise to missing peaks. Another
potential reason for missing peaks would be fast translocation of molecules, which cannot
be detected with the bandwidth (10 kHz) of the current amplifier used for our experiments.
Higher bandwidth current amplifiers would enable overcoming this limitation.[43, 44] On
the other hand, the latter case (molecule overlapping) can be reduced simply by reducing
the dNMP concentration. More importantly, molecule overlapping may be avoided in real
exonuclease sequencing process with our dual-nanopore TOF sensor by using enzymes
whose clipping rates are lower than TOFs of the clipped mononucleotides in the flight
column. For example, the clipping rates of dNMPs and rNMPs digested from A-DNA and
RNA by A-Exonuclease and XRN1 immobilized on polymer substrates are 0.9 ms-nt™1
(1100 # 100 nt-s~1)[21] and 38 ms:nt™ (26 + 5 nt-s~1)[45], respectively. The clipping rate
of dNMPs is comparable to the measured TOF of this work and thus to reduce the molecule
overlapping it may be necessary to modify electrokinetic conditions to slow down the
enzyme function. On the other hand, no molecule overlapping is expected with sequencing
RNA because the clipping rate of rNMPs is significantly lower than the measured TOF.

Figure 3 shows TOF of unlabeled dAMP and dCMP versus driving voltage measured with
the dual-nanopore TOF sensor with a 5 um long nanochannel column. Increasing the electric
field strength in the nanochannel decreased the TOF while the molecular electrophoretic
mobilities were unchanged. Interestingly, increasing the applied voltage also increased

the signal-to-noise ratio of transient current peaks and reduced the standard deviation of

the measured TOF values. Similar behavior was observed for translocation of dSDNA
through a nano-slit, where the standard deviation of the measured mobility decreased with
increasing electric field strength.[46] This attribute is important in nanoscale electrophoresis
as the mechanism of differentiating dNMP molecules for exonuclease sequencing. Different
from nanopore sensing,[17, 19] the use of a high driving voltage simultaneously reduces
diffusional misordering of ANMP molecules after cleavage from the intact DNA strand and
also increases the identification accuracy of dNMPs via nanoscale electrophoresis.[20] The
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contribution of the molecular Brownian motion during translocation to the TOF spread was
negligible (See the calculation in the Supporting Information).

Label-free identification of dNMPs using nanoscale electrophoresis.

Nanoscale electrophoresis has recently been demonstrated for the identification

of fluorescently-labeled single molecules, such as dNMPs,[20] rNMPs,[47] and
oligonucleotides of different lengths (35-, 50-, and 70-mer)[48] via their TOF through a
100 nm plastic nanochannel column made via NIL. Our dual-nanopore TOF sensor was
designed to extend the TOF differentiation of single molecules to a label-free approach.
Figure 4 shows histograms of the TOFs for four different dNMPs that were obtained using
our dual-nanopore TOF sensors with three different nanochannel column lengths of 0.5, 1,
and 5 pm (Figure 4a-c) under a driving voltage of 3 V in 1 m KCI containing 0.5% TBE (pH
10.0) at room temperature. As the nanochannel length increased, the TOF increased, but the
order of TOF values for the ANMPs remained unchanged with an order of dTMP < dCMP
< dAMP < dGMP. This order of the TOFs was the same as that seen for the fluorescently
labeled dNMPs identified by nanoscale electrophoresis through a nanochannel column.[20]

Nanoscale electrophoresis occurs by a combined action of differences in the electrophoretic
mobility of the AINMPs and the stick-slip process of the molecules at the nanochannel
wall,[46, 49-51] which results in a mobility difference that is the combined action of
electrophoresis and chromatography.[49, 52, 53] The separation is dependent on the
identity of the molecule, such as chemical structure (charges and functional groups), size,
interactions between the molecules and counterions surrounding the molecules, and the
surface of the nanochannel column.[52, 53] Overall, the larger molecules with the purine
base (dAAMP and dGMP) showed longer TOFs (slower translocation) compared to those with
the pyrimidine base (dACMP and dTMP).[54, 55] This result is in good agreement with the
MD simulations of dNMP translocation through a nano-slit made in PMMA, which showed
that the larger dAMP and dGMP pair (purines) are slowed down more compared to dCMP
and dTMP (pyrimidines) when adsorbed to the channel wall due to their larger contact area
with the surface.[53]

The chromatographic feature of nanoscale electrophoresis in our dual-nanopore TOF sensor
is confirmed by examining the effect of nanochannel column length on the identification
accuracy (Figure 4d). The identification accuracy of each dANMP molecule was determined
by the non-overlapped area to the total area of the Gaussian curve fit of the histogram. As
the length of the nanochannel column increased from 0.5, 1, and to 5 um, the separation of
the histograms of the four dANMP molecules was more obvious and the average identification
accuracy calculated increased from 55%, 66%, and 94%. Even with the limited number of
data points, the curve fitted reasonably well to /A (%) = 100[1 — exp(-1.2998 - /)] , where
1A (%) is the identification accuracy in % and /is the nanochannel column length.

The identification accuracy of dNMPs by nanoscale electrophoresis was also influenced by
electrokinetic conditions such as pH, which would result in a change in the charge states of
dNMPs as well as the nanochannel surface. The TOF histograms of dNMPs obtained from
the translocation experiments at pH 8.0 were significantly overlapped and thus resulted in
poor base identification efficiencies (Figure S5, Supporting Information), in agreement with
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the work by O’Neil et al. on nanoscale electrophoresis with fluorescently-labeled dNMPs.
[20] The results also support that EOF-dominant electrokinetic conditions in conjunction
with chromatography are in effect for the nanoscale electrophoresis of the dNMPs.

To improve the identification accuracy, an active control method of driving molecules may
be adopted, as demonstrated by Liu et al. where an automated “flossing” control logic was
used to move a DNA molecule back-and-force in a dual nanopore device enabling multiread
coverage data.[2] Similarly, a device with more than two in-plane nanopores formed in
series would produce more than two sets of TOF data from a single molecule translocation
event.[11] These methods will increase the number of reads, sharpen the TOF histograms,
and thus improve the identification accuracy.

Exonuclease sequencing and beyond.

This work focuses on a nanosensor, which enabled the label-free identification with

high accuracy of dNMPs via their TOFs using nanoscale electrophoresis. To realize
exonuclease sequencing, single nucleotides disassembled from a DNA/RNA molecule by
an enzymatic reaction need to be driven sequentially to the dual-nanopore TOF sensor
without misordering. The in-plane design of our sensor allows easy addition of nanofluidic
structures immediately in front of the sensor so that the enzymatic reactions can occur with
nanoscale confinement under high electric field strength, significantly minimizing molecular
misordering. Recently, Oliver-Calixte et al. demonstrated that the catalytic efficiency of
double-stranded DNA digestion by A-exonuclease was similar when the enzyme was
attached to a solid support compared to the free solution digestion, but the processivity

was significantly improved.[21] Compared to enzymatic digestion of a DNA molecule in
solution, disassembled nucleotides by the enzymatic digestion at a solid phase bioreactor
will enter into the nanosensor in an ordered fashion, allowing for significantly reduced
misordering. Increasing the driving voltage to reduce diffusional misordering will also

help increase the identification accuracy determined by nanoscale electrophoresis with our
sensor. The length of the nanochannel column needs to be optimized via a trade-off between
the increased identification accuracy and using exonuclease enzymes that provide clipping
rates that minimize the possibility of more than one molecule residing in the nanochannel
column at a given time leading to difficulty in identifying peaks during signal processing.

Due to the decoupling of sensing and identification of molecules using our nanosensor,
nanopores are used only to detect the passage of molecules, the resolution and sensitivity
needed to discriminate nucleotides by transient current amplitudes are not a requirement,
which presents a tremendous advantage in the design and fabrication of the nanosensor.
However, transient current amplitudes could be used as an additional molecular signature to
multiplex with TOF discrimination, which could further improve the identification accuracy
(Figure S6, Supporting Information).

While we could detect single-molecule passage with the in-plane nanopores, the transient
current background signal showed drift over a 3-5 h operational time, which could have
arisen from the use of the hydrogel PEGDA as the substrate and its low Young’s modulus
and susceptibility to swelling when in contact with aqueous electrolytes. Therefore, instead
of PEGDA use of a hard plastic such as PMMA or cyclic olefin copolymer (COC), which
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allows achieving both high replication fidelity in the fabrication process using thermal NIL
or injection molding and long-term stability against solvents and electrolytes, is desirable.

In this case, controllability of the pore size during bonding may be different and thus
optimal bonding conditions needs to be determined. There may also be a need to develop a
functionalization protocol to achieve non-fouling surfaces of the hard plastics, easy filling of
electrolytes into the nanofluidic structures, and the desired EP or EOF force(s) to drive the
molecules through the nanochannel column and in-plane pores.

While this study demonstrated the ability of the dual-nanopore TOF sensor to detect and
efficiently identify dNMPs, the sensor could provide molecular information from other
unamplified targets (DNA, RNA, proteins, exosomes, other single molecules/nanoparticles)
by tailoring the dimensions and shape of the pores and the column to produce a molecular-
specific current transient signal and TOF. Also, multiple pores can be configured in series
to improve the precision in determining the electrophoretic mobility (TOF) of single
molecules.

CONCLUSIONS

In conclusion, we have demonstrated single nucleotide identification via molecular-
dependent TOF measurements using nanoscale electrophoresis. Flanking the hanochannel
column with two sub-10 nm in-plane nanopores allowed identification of the molecular-
dependent TOF in a label-free manner. The identification efficiencies of the four ANMP
molecules showed a strong dependence on the length of the nanochannel column, reaching
94% when a 5 um column length was used confirming that the separation was a combination
of chromatography through molecule/nanochannel column wall interactions as well as
electrokinetic effects. The sensor was formed in a polymer substrate by a simple, cost-
effective, and high throughput NIL technique, which is easily expandable to a production
format. By combining with a nanoscale reactor for exonuclease digestion of a DNA or RNA
strand, the dual-nanopore TOF sensor has the potential to be an essential component to
realize exonuclease sequencing.

METHODS

Chemicals and Materials.

Chemicals and materials were obtained from the following sources and used without
further purification: 2'-Deoxyadenosine-5'-monophosphate (Alfa Aesar); Thymidine-5'-
monophosphate disodium salt (Alfa Aesar); 2'-Deoxycytidine-5'-monophosphate (Alfa
Aesar); 2'-Deoxyguanosine-5'-monophosphate disodium salt hydrate (Alfa Aesar);
potassium chloride (1 and 3 m, Sigma-Aldrich); Tris-EDTA (100x, Sigma-Aldrich); Tris-
Borate-EDTA (10x%, Sigma-Aldrich); silver (Ag) wires (>99%, Sigma-Aldrich); S1813
photoresist (MicroChem); MF319 developer (MicroChem); potassium hydroxide (KOH)
pellets (Fisher Scientific); hydrofluoric acid (HF) (Sigma-Aldrich); Fluorolink MD 700
(Solvay); 2-hydroxy-2-methylpropiophenone (Sigma-Aldrich); NOA72 (Norland Products);
poly(ethylene glycol) diacrylate (PEGDA) (Mn = 250, Sigma-Aldrich); 2,2-dimethoxy-2-
phenylacetophenone (Sigma-Aldrich); Si wafers (P/B, resistivity 5-10 Qcm, orientation of
(100), and 525 + 25 um thickness) (WaferPro); polyethylene terephthalate (PET) with 250
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um thickness (Goodfellow); polymethylmethacrylate (PMMA) with a thickness of 250 pm
(Goodfellow); polymethylmethacrylate (PMMA) of 1 mm thickness (ePlastics).

Silicon (Si) Mater Mold Fabrication.

A Si master mold was prepared by using a combination of photolithography, wet-chemical
etching, and focused ion beam (FIB) milling. Si wafers with a 100 nm thick silicon

nitride (SizNy) layer on each side were used for fabricating the master mold. 10 um deep
microchannels were fabricated using a combination of photolithography and wet-chemical
etching. Details on the microchannel fabrication can be found in our previous work.[24]
Then, the nanochannel flight tube combined with in-plane nanopores was fabricated using
FIB milling (Quanta 3D Dual Beam system, FEI). The milling was performed at a beam
voltage and current of 30 kV and 10 pA, respectively, in a bitmap mode.

Polymer Device Fabrication.

The Si master mold was used to produce a resin mold by using a UV resin (Fluorolink

MD 700) solution containing a UV initiator (2-hydroxy-2-methylpropiophenone) (1 wt%).
Details on the UV resin fabrication can be found in our previous work.[42, 56] PEGDA
containing the UV initiator (2,2-dimethoxy-2-phenylacetophenone) (1 wt%) was used as the
polymer device material. Drops of the UV resin were distributed on the UV resin mold. A
PMMA substrate (1 mm thick) was then pressed against the drop and used as a supporting
substrate. In order to cure, PEGDA was exposed to flash-type UV light (250-400 nm) for 1
min at an intensity of ~1.8 Wem™2 by using a nanoimprinter (Eitre6, Obducat). For bonding,
a thin PEGDA layer on a thin PMMA sheet (250 um thick) were used as the cover plate. The
cover plate was placed over the imprinted substrate and bonding was performed at 70 °C at
1 MPa for 15 min. Details on the device fabrication can be found in our previous work.[29,
42]

dNMP Translocation Experiments and Data Analysis.

Prior to TOF measurements with dNMPs, the nanosensor was filled with a KCI solution (1
M) containing 1x TE at pH 8.0 and the conductance was measured between two electrodes
that were placed across the nanosensor to determine the size of the in-plane nanopores
found within the enclosed nanosensor (Figure S3, Supporting Information). For dNMP
translocation experiments, the solution in the nanosensor was replaced by a KCI solution (1
m) containing 0.5x TBE and then the dNMP solution with a concentration of 0.01 ng-uL~1
was introduced into the cis-compartment of the nanosensor. The current trace recordings
were carried out with a custom current amplifier (UNC CRITICL, https://chem.unc.edu/
critcl-main/). The current amplifier consists of a standard topology transimpedance amplifier
(TIA) that is battery powered with a gain of 100 nA-V~1 and a single-pole —3dB bandwidth
of 10 kHz (Figure S7, Supporting Information). The output of the TIA was digitized

by a National Instruments, Inc. model NI PXle-6341 DAQ system at a sample rate of

250 ksps by running WIinEDR software (Strathclyde Electrophysiology Software, http://
spider.science.strath.ac.uk/sipbs/software_ses.htm).
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Figure 1.
Dual-nanopore time-of-flight (TOF) sensor. (a) Schematics of the dual-nanopore TOF

sensor, which consists of a pair of in-plane nanopores poised on either side of a nanochannel
used as the nanochannel column for nanoscale electrophoresis. Upon translocation of

a ANMP molecule through the first in-plane nanopore, the nanochannel column, and

the second in-plane nanopore sequentially, two consecutive current transient signals are
generated. The time interval between the two current pulses corresponds to the TOF of the
dNMP molecule through the nanochannel column. (b) Schematics of the device fabrication
process: fabrication of Si master mold (1); fabrication of a UV resin mold via replication
from the Si mater (2-3); UV-NIL into a PEGDA substrate from the UV resin mold (4-5);
and simultaneous thermal bonding with a PEGDA cover plate resulting in pore reduction
(6). Top and tilted view SEM images of (c) Si master mold, (d) the UV resin mold, and (e)
the UV-imprinted PEGDA substrate. Scale bars, 100 nm in white and 50 nm in red. (f) A
photograph of the TOF nanopore sensor fabricated by NIL. (g) TOF measurement system
used included a sample holder, a custom current amplifier, and a data acquisition (DAQ)
system. The current amplifier consists of a standard topology transimpedance amplifier
(TIA) that is battery powered with a gain of 100 nA-V~1 and a single-pole —3dB bandwidth
of 10 kHz. The output of the TIA is digitized by a National Instruments, Inc. model NI
PXle-6341 DAQ system at a sampling rate of 250 ksps.
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Figure2.
Determination of TOF from current-time (I-t) traces obtained for dANMPs using a dual-

nanopore TOF sensor. (a) An example overview plot of transient current measured when
dCMP molecules were introduced into the dual-nanopore TOF sensor with a 0.5 pm-long
nanochannel column and sub-10 nm dual-nanopores under a driving voltage of 3 V with a
bandwidth of 10 kHz and a digital sampling rate of 250 ksps allowing for a time resolution
of 35 ps. The baseline or open current of ~11.3 nA was subtracted from the measured
current. Only 1 s of the trace is displayed for clarity; the entire data set spans over 600

s. The red, green, and orange horizontal lines indicate the overall baseline, the RMS noise
level, and the detection threshold (e.g. 3 times the RMS noise of the baseline current trace),
respectively. The red asterisks indicate paired peaks that were selected using the selection
criteria described in the Supporting Information. The grey asterisks show the peaks whose
amplitudes met the detection threshold but that did not meet the maximum TOF criterion,
and thus were not selected as paired. (b) Example peak pairs. (¢) A magnified transient
current peak shown in (b). The peak amplitude was in the range of 0.8-2.5 nA. The dwell
time at individual pores ranged from 0.18-0.58 ms.
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TOF of dAMP and dTMP versus driving voltage using a dual-nanopore TOF sensor.

(a-c) Current traces of example dual peaks for JAAMP and dTMP obtained from the
nanosensor with a 5 pm-long nanochannel column under driving voltages of 2, 2.5, and

3V, respectively. (d-f) Histograms of normalized counts for TOF for AAMP and dTMP
shown in (a-c), respectively. The corresponding Gaussian fits were also included. (g-h) TOF
and the corresponding apparent mobilities versus driving voltage.
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Figure4.
Label-free identification of dNMPs using the dual-nanopore TOF sensor. (a-c) Histograms

for the normalized counts of TOF obtained with four dNMPs using a nanosensor with 0.5,
1, and 5 pm-long nanochannel column, respectively, and the corresponding Gaussian fits.
The insets show the identification accuracies of dNMPs, where each value was obtained

by the ratio of the non-overlapped area to the entire area of the Gaussian curve fit for a
histogram. (d) Average identification accuracy. The fitting curve with /A (%) = 100[1 -
exp(—1.2998 - A] was included, where /A (%) is the identification accuracy in % and /is
the nanochannel column length. () Apparent mobility versus the length of the nanochannel
column. Data were acquired with a 1 m KCI solution containing 0.5x TBE, pH 10.0 under a
driving voltage of 3 V. The nucleotide concentration in cis-compartment was 0.01 ng-pL=1.

1

Nano-column length (pm)

2

3

4 5 0 1

Small. Author manuscript; available in PMC 2022 October 01.

2

3

4

Nano-column length (um)

86%
100%
100%

89%

94%




	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Design and fabrication of dual-nanopore TOF sensor.
	Label-free detection of dNMPs.
	Label-free identification of dNMPs using nanoscale electrophoresis.
	Exonuclease sequencing and beyond.

	CONCLUSIONS
	METHODS
	Chemicals and Materials.
	Silicon (Si) Mater Mold Fabrication.
	Polymer Device Fabrication.
	dNMP Translocation Experiments and Data Analysis.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

