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A B S T R A C T   

Rapid and accurate detection of nucleic acids is of paramount importance in many fields, including medical 
diagnosis, gene therapy and virus identification. In this work, by taking advantage of two DNA hybridization 
probes, one of which was immobilized on the surface of gold nanoparticles, while the other was free in solution, 
detection of short length nucleic acids was successfully achieved using a large size (20 nm tip diameter) poly-
ethylene terephythalate (PET) nanopore. The sensor was sensitive and selective: DNA samples with concentra-
tions at as low as 0.5 nM could be detected within minutes and the number of mismatches can be discerned from 
the translocation frequency. Furthermore, the nanopore can be repeatedly used many times. Our developed 
large-size nanopore sensing platform offers the potential for fieldable/point-of-care diagnostic applications.   

1. Introduction 

The capability of rapid and accurate detection of specific target gene 
sequences and their base variations provides many opportunities in 
modern medicine. Such a diagnostic technology not only benefits early 
disease detection, but also enables personalized treatment to improve 
outcomes. Furthermore, the recent rapid spread of novel coronavirus 
disease (COVID-19) pandemic has reinforced the importance of needing 
a prompt and accurate nucleic acid analysis technology that is easily 
deployable and manufacturable (Arima et al., 2021). The current gold 
standard for gene detection is PCR. Although accurate, its expensive 
optical detectors render it unsuitable for many applications (Feng et al., 
2020; Tellinghuisen and Spiess, 2014; VanGuilder et al., 2008). More 
recently, the development of next-generation DNA sequencing tech-
nologies makes it possible to rapidly read long sequences of DNA sam-
ples. However, these long read sequencers suffer from relatively high 
error rates although this drawback can be improved by the significant 
advancement in bioinformatics for base-calling and error correction 
(Kono and Arakawa, 2019). Another popular strategy to detect nucleic 
acids, especially biomarkers, is the use of DNA hybridization, where a 
complementary DNA or PNA probe is employed to detect whether or not 
there is presence of a short target nucleic acid sequence in a sample 
(Mereuta et al., 2020). Various sensitive nano-biotechnologies, 
including fluorescence, colorimetric, electrochemistry, resonance, and 

FET-based biosensors have been reported (Chaibun et al., 2021; Jiao 
et al., 2020; Liang et al., 2020; Wu et al., 2020; Zhao et al., 2020). 
However, most of these methods require the use of labels or expensive 
instruments. 

By monitoring the ionic current modulations produced by the 
interaction between analyte molecules and a nanoscale-sized channel 
(Chen et al., 2018a; Roozbahani et al., 2020; Wang et al., 2021b), 
nanopore stochastic sensing, a label-free technology, has successfully 
been utilized to explore various applications, including DNA sequencing 
(Bayley, 2017; Branton et al., 2008), biosensing (Chen et al., 2019; 
Roozbahani et al., 2019) and environmental monitoring (Roozbahani 
et al. 2017, 2018) at the single-molecule level. At present, there are two 
major types of nanopore technology: biological protein pore and syn-
thetic solid-state nanopore (Zhang et al., 2020a). The former generally 
provides a better resolution and selectivity to analyte detection than the 
latter. However, the practical application of the protein pores was 
limited by the fragile lipid bilayer used for supporting the sensing 
element. In contrast, solid-state nanopores are stable and could tolerate 
a variety of extreme conditions, and offer the potential for large-scale 
integration with on-chip electronics, which are ideal for field deploy-
able applications and can provide higher throughput than protein 
nanopores (Goto et al., 2018; Haque et al., 2013). However, two major 
hurdles need to be overcome before solid-state nanopores could be used 
as a versatile tool for various applications. First, the currently available 
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synthetic nanopore sensor has a large background noise and a poor 
sensitivity/resolution. Second, the size and the shape of the synthetic 
nanopore is difficult to be reproduced with desired precision, so that 
variations occur from pore to pore and from batch to batch (Haque et al., 
2013). On the other hand, compared with small size (sub-10 nm) syn-
thetic nanopores, nanopores with large pore sizes (e.g. 10–20 nm) are 
much easier to fabricate and are commercially available (Xia et al., 
2018). They can also be readily etched into reproducible conic or other 
shape geometries to enhance the sensitivity (Wang et al., 2021a). 
However, the nanopore performance generally decreases with an in-
crease in the pore diameter. To be more specific, in terms of detecting 
dsDNA or ssDNA with a complementary probe, 22-mer nucleic acids 
could be detected at concentrations as low as 0.1 pM by a protein pore 
with a constriction of ~1.5 nm (Wang et al., 2011). In contrast, small 
diameter synthetic nanopore such as a 3.6-nm diameter HfO2 pore was 
only able to detect 100-bp dsDNA at nanomolar concentrations (Larkin 
et al., 2013), while large diameter (>10 nm) solid-state nanopores were 
usually used to investigate dsDNA of several to dozens of kbps (Kumar 
Sharma et al., 2019; Wang et al., 2018b). Unlike the various efforts in 
the recent years toward developing functionalized synthetic nanopores 
to improve sensor sensitivity (Wang et al., 2021a; Zhang et al., 2020a), 
herein, we report a new strategy to overcome the low resolution of the 
large-size solid-state nanopores by taking advantage of gold nano-
particles (AuNPs) and multiple DNA hybridization probes for rapid and 
sensitive detection of nucleic acids. 

2. Experimental section 

2.1. Materials and reagents 

Citrate-capped AuNPs with 3-nm diameter were purchased from 
Nanopartz Inc. (Loveland, CO). All the DNA molecules were obtained 
from Integrated Technologies (IDT, Coralville, IA). These include 5′– 
(CH2)6–S–S-(CH2)6-AAAAAA-ATGGACCCCAAAATC-3′ (P1), 5′-AGC-
GAAATGCACCCC-AAAAAA–(CH2)3–S–S–(CH2)3–3′ (P2), 5′- 
GGGGTGCATTTCGCT-GATTTTGGGGTCCAT-3′ (Target ssDNA), and a 
series of mutant DNA samples which differ from the target DNA by one 
mismatch, two mismatches, three mismatches, four mismatches, and 
other multiple mismatches (Table S1). Note that the target nucleic acid 
is a 30-mer ssDNA fragment from the sequence of SARS-CoV-2 (Chu 
et al., 2020). All the other chemicals, including Tris(2-carboxyethyl) 
phosphine hydrochloride (TCEP), potassium chloride, Trizma base, hy-
drochloric acid, HPLC-grade water, and DNase- and RNase-free water, 
were purchased from Sigma-Aldrich (St. Louis, MO). The stock solutions 
of all DNA samples were prepared in nuclease-free water at a concen-
tration of 1 mM each and stored at − 20 ◦C before and immediately after 
use. The reaction buffer for nucleic acid hybridization contained 10 mM 
Tris, 1 mM EDTA, 100 mM NaCl, and 2 mM MgCl2 (using HCl to adjust 
the pH of the solution to pH 8.0). The nanopore sensing buffer was 
consisted of 10 mM Tris, 1 mM EDTA, and 500 mM KCl (using HCl to 
adjust the pH of the solution to pH 8.0). 

Preparation of ssDNA-conjugated AuNP probe. For preparation of 
ssDNA-conjugated AuNP probe (AuNP-P1), 25 μL of disulfide- 
terminated oligonucleotide (P1, 1 mM) was first reacted with 250 μL 
of TCEP (10 mM) for 1 h at room temperature to reduce the disulfide 
bond and yield thiol-terminated DNA (Li et al., 2013). The 
thiol-terminated DNA was then mixed with 250 μL of 3.0 nm-diameter 
AuNP solution (39.2 μM). After incubation at room temperature for 16 h, 
the mixture was slowly added to 50 μL of NaCl solution (4 M), followed 
by sonication for 10 s. Since both ssDNA and AuNPs are negatively 
charged, a high concentration of salt is needed to screen the long-ranged 
charge repulsion to enable DNA adsorption on the surface of AuNPs 
(Zhang et al., 2012a). Then, the solution was centrifuged at 13,500 rpm 
for 10 min to separate the AuNP-P1 from the unreacted reagents. The 
product (AuNP-P1) was then washed with 50 μL of PBS buffer (10 mM 
Na2HPO4, pH 8.0) containing 0.01% Tween20, and redispersed in 

HPLC-grade water. Long-term storage could be carried out at relatively 
low temperature (4 ◦C) for several months in low salt and slightly acidic 
condition (Bhatt et al., 2011; Epanchintseva et al., 2019; Li et al., 2013). 

DNA Hybridization. Briefly, 10 μL of AuNP-P1 (200 μM) and 2 μL of 
target ssDNA (1 mM) were mixed with a 28-μL Tris reaction buffer so-
lution, and incubated at 65 ◦C for 10 min, followed by cooling to room 
temperature. Then, an extra 2 μL of P2 DNA probe (1 mM) was added to 
the above mixture, and incubated at 40 ◦C for 20 min, followed by 
cooling to room temperature. 

Fabrication of the conical shaped polymeric nanopore. Details 
on the fabrication of single asymmetric nanopores in polyethylene 
terephthalate (PET) membrane have been described in our previous 
work (Zhang et al., 2020a). Briefly, the 12-μm thick polyethylene tere-
phthalate (PET) foils were irradiated with single swift heavy ions (Au) 
with energy of 11.4 MeV per nucleon at the GSI in Darmstadt, German 
and then subsequently etched at room temperature (295 K) by an 
asymmetric etching method, where the foil was mounted between two 
isolated containers that contained an etchant solution of 2.5 M NaOH in 
1:1 MeOH/H2O and a stopping solution of 1 M HCOOH and 1 M KCl, 
respectively. A secondary symmetric etching process (2 M NaOH) was 
applied to enlarge the tip size. In all cases, the diameter of the base was 
around 1000 ± 80 nm, as determined by electron microscopy (Fig. S1). 
The final tip diameter was ~19.7 nm, which was calculated by the 
following equation: dtip = 4IL/πκDV, where I/V is the slope of the 
current-versus-voltage in 1 M KCl solution and was calculated from the 
produced ionic current at an applied voltage bias ranging from − 100 mV 
to +100 mV (Fig. S1). D is the base diameter (D = 1 μm), and κ is the 
special conductivity of the electrolyte. For 1 M KCl solution at 25 ◦C, κ is 
0.11173 Ω− 1cm− 1. L is the length of the channel, which is approximated 
to the thickness of the membrane after chemical etching (11.5 μm). 

Electrochemical recording. Unless otherwise noted, all the analyte 
species, including AuNP-P1 and its hybridization products were added 
to the nanopore base compartment. Currents were recorded with a patch 
clamp amplifier (Axopatch 200B, Molecular Devices; Sunnyvale, CA, 
USA). Data analysis was carried out using pClamp 10.7 (Molecular De-
vices). Each single-channel current trace was recorded for at least 5 min. 
The detailed procedure for patch clamp experiments, including instru-
ment parameters and data analysis, has been provided in our previous 
work (Chen et al. 2018a, 2018b). All the experiments were performed in 
a 2.0 mL nanopore sensing buffer solution at 26 ± 1 ◦C with an applied 
voltage bias (via a pair of Ag/AgCl electrodes) ranging from − 1 V to 1 V. 
Both symmetric (with both the base and tip compartments filled with 
0.5 M KCl buffer solution) and asymmetric (with the base compartment 
filled with 0.5 M KCl, whereas the tip compartment filled with 1–2 M 
KCl) electrolyte conditions were investigated in this study. 

Instrument. The UV–vis absorption spectra of AuNPs, AuNP-P1 and 
ssDNA P1 were obtained using a DU 800 UV–VIS spectrophotometer 
(Beckman Coulter, Fullerton, CA). The size distribution of AuNPs and 
their complexes was recorded using dynamic light scattering (Zetasizer 
Nano S, Malvern Instruments Ltd, Worcestershire, UK). 

3. Results and discussion 

3.1. Principle of our developed nucleic acid detection strategy using a 
solid-state nanopore having a large pore size 

Compared with a small diameter nanopore, using a solid state 
nanopore having a large pore size as the stochastic sensing element has 
advantages of easier production and improved reproducibility. How-
ever, the poor sensor sensitivity/resolution (due to low comparability 
between the size of the analyte and the diameter of the nanopore and the 
high translocation velocity of the analyte for event picking up limits its 
practical application (Roman et al., 2017; Vlassiouk and Siwy, 2007). 
Unlike the various efforts in the recent years, including ours, toward 
developing functionalized synthetic nanopores to improve sensor 
sensitivity (Li et al., 2019; Wang et al., 2021a; Zhang et al., 2020a), in 
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this work, we take advantage of AuNPs and multiple ssDNA hybridiza-
tion probes to overcome the low resolution of the solid-state nanopores 
with large pore diameters, thus achieving rapid and highly sensitive 
detection of nucleic acids. The AuNP allows capture of multiple targets 
to increase the size and charge of each NP complex. Earlier theoretical 
work shows that when the complex size approaches the pore size and 
when the complex charge is sufficiently high, intrapore concentration 
polarization can occur to amplify the signal amplitude more than just 
the area ratio due to the excluded volume current blockage effect 
(Sensale et al., 2020). Our earlier work also shows that, due to its shorter 
persistence length, ssDNAs produce longer translocation time than 
dsDNAs (Wang et al., 2021a). We hence utilize long DNA probes with 
unpaired end sequences and sandwich complexes with two end probes. 
The sandwich complex offers another advantage—selectivity. In our 
earlier work, we developed a nanofluidic platform based on depletion 
isotachophoresis in agarose gel generated by an ion-selective membrane 
to improve the selectivity of DNA detection. We found that the high 
electric field in the nanofluidic channel could break up AuNPs sandwich 
structures with only 2 mismatches (Marczak et al., 2017). 

As shown in Scheme 1, AuNPs and/or short ssDNA would not cause 
current modulation events in a large diameter nanopore. In contrast, 
after thiol-terminated ssDNA is attached to the surface of AuNPs, short 
duration and small amplitude current modulation events could be 
observed when the produced AuNPs-ssDNA conjugate (AuNP-P1) passes 
through the nanopore due to its larger molecular size than free AuNPs 
and ssDNA. If the sample solution contains the target nucleic acid (DNA 
or RNA), the hybridization product (AuNP-P1-NA) between the target 
nucleic acid and AuNP-P1 would produce a new type of events with 
larger blockage amplitude and/or residence time than those of AuNP- 
P1. To further improve the resolution and performance of the nano-
pore, a second ssDNA hybridization probe (P2), which is complementary 
to another portion of the target DNA, is added. The resultant AuNPs/ 
nucleic acid conjugate (AuNP-P1-NA-P2) would induce another type of 
events with significantly different signatures from those of AuNP-P1-NA 
due to the change in molecular geometry and structure. Taken together, 
the combined AuNP-P1-NA and AuNP-P1-NA-P2 event signatures would 
allow accurate detection of the target nucleic acid. For proof-of-concept 
demonstration of this new strategy, an unmodified PET nanopore (base 
diameter: ~1000 nm; tip diameter: ~20 nm) was used as the sensing 
element, while a 30-mer ssDNA fragment (from the sequence of SARS- 
CoV-2 (Chu et al., 2020)) was chosen as the target nucleic acid. Both 
the DNA probes P1 and P2 contain a core fragment of 15 bases (which is 
complementary to the 30-mer target nucleic acid) and an additional 
spacer of 6-adenine bases (for facilitating the hybridization between 
DNA probes and the target nucleic acid (Demers et al., 2000)). It should 
be noted that, the length of the probe DNA is critical to its efficient 

attachment to the surface of AuNPs. In general, the longer the DNA 
probe is, the fewer DNA molecules can be absorbed on AuNPs (Lu et al., 
2015; Steel et al., 2000). Furthermore, it was reported that the adsorp-
tion of short ssDNA on AuNPs was much faster than that for long DNA 
(Zhang et al., 2012b). In addition, when DNA strands were less than ~30 
bases long, shorter than its persistence length, the sizes of the produced 
Au/DNA conjugates were around the sum of the AuNPs diameter plus 
twice the length of the fully stretched single-stranded DNA due to the 
fully stretched and densely packed structure (Parak et al., 2003). 
Therefore, using relatively short DNA probes benefits the diameter 
control of the resultant AuNPs/nucleic acid conjugate. 

3.2. Characterization of AuNP-P1 and its nucleic acid hybridization 
products 

The successful attachment of DNA probe P1 to the surface of AuNPs 
was supported by UV–vis absorption spectroscopy. As shown in Fig. S2a, 
the AuNPs (0.1 μM) sample had a band at around 512 nm due to the 
surface plasmon resonance (SPR) of spherical gold nanoparticles. In 
contrast, an absorption peak at ~530 nm was observed for the AuNP-P1 
(0.1 μM) solution. The red-shift (~18 nm) was due to the partial surface 
encapsulation of AuNPs by DNA, which weakened the optical properties 
of AuNPs (He et al., 2018). Furthermore, the AuNP-P1 sample had a 
large absorbance peak at 260 nm. This peak was similar to that (263 nm) 
of bare P1 but was not observed in the AuNPs solution. The density of 
the ssDNA probes on the 3-nm AuNPs surface was estimated using a 
colorimetric-based assay (Kim et al., 2019; Zhang et al., 2020b). The 
valency of 3-nm AuNPs was 2.7 ssDNA, which was close to that (2–6) of 
AuNPs with similar sizes reported by other groups (Ohta et al., 2016). In 
addition, DLS analysis provided further evidence for the successful 
conjugation between P1 and AuNPs. As shown in Fig. S2b, the free 
AuNPs solution showed a peak at 4.0 ± 1.0 nm, while a new peak at 17.0 
± 7.0 nm was identified for the AuNP-P1 sample. After addition of the 
target DNA to the AuNP-P1 solution, another peak at 22 ± 6.0 nm was 
observed, demonstrating the formation of AuNP-P1-NA hybridization 
complex. It should be noted that, the more DNA molecules attached on 
the AuNP surface, the less non-specific adsorption between AuNPs and 
nucleic acids would occur (Chen et al., 2016), which was supported by 
the narrower band of AuNP-P1-NA than that of AuNP-P1. 

3.3. Nanopore detection of target nucleic acids 

For proof-of-concept demonstration of the feasibility of utilizing a 
large size nanopore as a single-molecule stochastic sensing element for 
detection of nucleic acids, translocation of AuNP-P1 and its hybridiza-
tion complexes in the nanopore was initially investigated at an applied 
potential bias of +800 mV in an electrolyte buffer solution containing a 
0.5 M KCl, 10 mM Trizma base and 1 mM EDTA (pH 8.0). As controls, 
the interactions between AuNPs/nucleic acids (P1, P2 and NA) and the 
nanopore were also studied under the same experimental conditions. As 
we expected, AuNPs, P1, P2 and NA rarely produced any observable 
current modulation events in the nanopore because of their incompat-
ible sizes and rapid translocation velocity (note that the diameters of 
AuNPs and ssDNA are ~3 nm, and ~1.4 nm, respectively, while the 
nanopore had a tip diameter of ~20 nm). In contrast, the ssDNA 
immobilized AuNPs (AuNP-P1) showed frequent current modulations 
with a mean blockage amplitude of 53 ± 5 pA and a mean residence time 
of 0.24 ± 0.08 ms (Fig. 1 and S3). After hybridization with the target 
ssDNA, the AuNP-P1-NA complex produced a new type of events 
(blockage amplitude: 110 ± 10 pA; residence time: 2.1 ± 0.4 ms, Fig. 1 
and S4). The larger blockage amplitude and longer residence time of 
these new events than those of free AuNP-P1 are beyond the increase in 
the excluded volume for ion current (Oukhaled et al., 2011; Talaga and 
Li, 2009) and suggests intropore ionic strength polarization is important 
(Sensale et al., 2020). Similar to the hybridization between AuNP-P1 
and NA, addition of the second DNA probe P2 to the AuNP-P1-NA 

Scheme 1. The principle of nucleic acid detection using a large pore size solid- 
state nanopore. 
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solution produced another event with quantitatively deconvoluted 
translocation signatures (blockage amplitude: 150 ± 8 pA; residence 
time: 2.4 ± 0.3 ms) in the nanopore. To be more specific, under our 
experimental condition, the mixture sample showed three distinct types 
of events (blockage amplitude: 53 pA, 110 pA, and 150 pA), which were 
corresponding to the free AuNP-P1, free AuNP-P1-NA, and 
AuNP-P1-NA-P2 complex, respectively (Fig. 1 and S5). 

3.4. Effect of applied voltage bias and probe ratio on nanopore 
performance 

Previous studies including ours have shown that the potential 
applied across the nanopore played an important role in the resolution/ 
performance of the nanopore sensor (Chen et al., 2019; Zhang et al., 
2020a). In order to find an appropriate potential bias for sensitive 
detection of nucleic acids, translocation of AuNP-P1 and its hybridiza-
tion complexes in the large size nanopore was investigated at a series of 
voltages ranging from +400 mV to +1000 mV. Our experimental results 
(Fig. 2) showed that, as the applied potential bias increased, both the 
frequency and the blockage amplitude of the AuNP-P1, AuNP-P1-NA 
and AuNP-P1-NA-P2 events increased, while their event residence time 
decreased. In particular, the blockage amplitudes of the three species 
were significantly different at low voltages, so that AuNP-P1, 
AuNP-P1-NA and AuNP-P1-NA-P2 could be well separated. However, 
their distinction became less clear at a higher voltage. In terms of the 
event residence time, AuNP-P1 was well distinguishable from 
AuNP-P1-NA and AuNP-P1-NA-P2 at all the applied potentials, but the 
latter two species had similar values, which might be attributed to their 
similar radium to charge ratios (note that τ = 6πηrL/zeE, where τ is 
translocation time, z is the charge, e is the electronic charge, E is the 
electric field strength, η is the solution viscosity, r is the radius of the 
molecule and L is the length of the pore) (Harrell et al., 2006). On the 
other hand, we found that the AuNP-P1 events were much more frequent 
than those of AuNP-P1-NA and AuNP-P1-NA-P2, which is not unrea-
sonable considering that AuNP-P1 contained single-stranded DNA spe-
cies, while double stranded DNA molecules were coupled to the surfaces 

of AuNP-P1-NA and AuNP-P1-NA-P2. Since all the three event param-
eters (amplitude, residence time, and frequency) had relatively large 
values at +600 mV, this voltage bias was chosen as the optimum applied 
potential, and used in the remaining experiments. 

To further improve nanopore sensor sensitivity, the effect of the 
concentration ratio of P2 to AuNP-P1 on nanopore detection of nucleic 
acids was examined. We found that, with an increase in the concentra-
tion ratio, the frequency of the AuNP-P1-NA-P2 events increased 
significantly until the ratio reached 2.0 : 1.0, after which it began to 
saturate (Fig. 3), while that of the AuNP-P1-NA events decreased. The 
ratio of 2.0 : 1.0 was chosen as the optimum concentration ratio of P2 to 
AuNP-P1 and used in the remaining experiments, since under this 
experimental condition, the event frequency of AuNP-P1-NA-P2 was 
relatively high, while the amount of P2 consumed was relatively small. 

3.5. Sensor sensitivity and selectivity 

To determine the sensitivity of our developed large size nanopore 
sensing strategy, the interaction between AuNP-P1 and the 20-nm tip 
diameter PET nanopore was studied under the optimized experimental 
conditions (i.e., +600 mV, having the concentration ratio of P2 to AuNP- 
P1 of 2:1) in the presence of the target ssDNA with varying concentra-
tions ranging from 25 nM to 200 nM and without/with P2. As shown in 
Fig. 4, the frequency of both the AuNP-P1-NA and AuNP-P1-NA-P2 
events increased linearly with an increase in the analyte concentra-
tion. The corresponding correlation relationships have the form of y =
0.0312x + 0.0742 (R2 = 0.9361) and y = 0.07825x + 0.0926 (R2 =

0.9722), respectively. The limit of detection (LOD) of the nanopore 
sensor based on AuNP-P1-NA-P2 events was ~9.7 nM, where LOD was 
defined as the concentration of target nucleic acid corresponding to the 
signal of the blank plus three times its standard deviation (Armbruster 
and Pry, 2008). It should be noted that smaller nanopores (8 nm 
diameter) with Alumina surface modification was able to reach pM or 
even fM LOD for DNA targets of the same length (Wang et al., 2021a). 
The alumina insulation allows deeper field penetration into the bulk 
fluid and hence higher translocation event frequency. We hence believe 

Fig. 1. (a) Schematic illustration of the method and procedure of detecting target ssDNA in a large-size solid-state nanopore; (b) typical trace segments of different 
species; and (c) their corresponding scatter plots of event residence time vs current blockage amplitude. The experiments were performed at +800 mV using a 20-nm 
diameter PET nanopore in a symmetric buffer condition with both the base and tip compartments filled with 0.5 M KCl and 10 mM Tris (pH 8.0). Uninterrupted 2-min 
single-channel recording traces were displayed in Figures S3-5. 
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that orders of magnitude improvement of the LOD is possible. However, 
nM sensitivity is sufficient for detection of PCR amplicons. 

To examine the selectivity of our developed multiple-probes nano-
pore sensing strategy, a series of mutant DNA samples which differ from 
the target DNA by one mismatch, two mismatches, three mismatches, 
four mismatches, and multiple (>5) mismatches (see Table S1 for their 
sequences) was examined. We found that, with the exception of the 
samples which had multiple (>5) mismatches from the target DNA, all 
the other mismatch samples produced current modulations in the PET 
nanopore. Similar to the full-match DNA, the events of these mismatch 
samples could also be categorized into two classes, which were attrib-
uted to AuNP-P1 and AuNP-P1-P2 hybridization products, respectively. 
Unfortunately, since these events had similar blockage amplitude and 
residence time values to those of the full-match target DNA, it is difficult 
to differentiate mismatch DNA samples from the complete-match sam-
ple based on these two parameters, indicating the low resolution of the 
large size unmodified PET nanopore. On the other hand, we noticed that, 
with the exception of the one-mismatch DNA, all the other mismatch 
DNA samples had significantly smaller number of events than the 
complete-match DNA (Fig. 5a), indicating the two base-mismatch res-
olution of the nanopore sensor. Our experimental data also suggested 

that mismatched DNA formed less stable hybridization products with 
AuNP-P1 and/or AuNP-P1-P2 than the full-matched DNA did, so that 
many of their translocation events could not be captured by the low 
resolution PET nanopore sensor (Dorris et al., 2003; Machinek et al., 
2014). This is consistent with our earlier work that the sandwich com-
plex with two or more mismatches can be broken up by the high field in 
the nanopore such that the number of detectable events becomes much 
smaller (Marczak et al., 2017). In addition, we found that, the plot of the 
ratio of the event frequency (EF) of AuNP-P1-NA-P2 to that of 
AuNP-P1-NA versus the ratio of the EF of AuNP-P1-NA to that of 
AuNP-P1 could be used to not only determine the number of mutations 
but also to provide information regarding the mutation site. As shown in 
Fig. 5b, in general, if the mismatch occurred near the 5′-end of the DNA 
sequence (i.e., corresponding to the hybridization probe P1), the EF 
ratio of AuNP-P1-NA-P2 to AuNP-P1-NA was large (1.2–1.8), while that 
of AuNP-P1-NA to AuNP-P1 had a very small value (0.1–0.2). In 
contrast, if the mismatch occurred near the 3′-end (corresponding to the 
hybridization probe P2), the EF ratio of AuNP-P1-NA-P2 to AuNP-P1-NA 
was small (0.3–0.6, relative to 2.0), while that of AuNP-P1-NA to 
AuNP-P1 had a large value (0.4–0.7, relative to 0.8). Furthermore, the 
larger the EF ratio of AuNP-P1-NA-P2 to AuNP-P1-NA and/or the larger 

Fig. 2. Voltage effect on the characteristics of the current modulation events. (a) Blockage amplitude; (b) residence time; and (c) event frequency. The experiments 
were performed using a 20-nm tip diameter PET nanopore in a symmetric buffer condition with both the base and tip compartments filled with 0.5 M KCl and 10 mM 
Tris (pH 8.0). The concentrations of AuNP-P1, target ssDNA, and P2 were 1 μM each. 

Fig. 3. Effect of the ratio of P2 concentration to AuNP-P1 concentration on the event distribution of the hybridization products. Representative event amplitude 
histograms of (a) 1:1 ratio and (b) 2: 1 ratio; and (c) plot of event frequency versus the ratio of P2 concentration to AuNP-P1 concentration. The experiments were 
performed at +600 mV in a symmetric buffer condition with both the PET nanopore base and tip compartments filled with 0.5 M KCl and 10 mM Tris (pH 8.0). 
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the EF ratio of AuNP-P1-NA to AuNP-P1 was, the fewer mutations the 
DNA sample had. 

3.6. Improving sensor sensitivity via a salt gradient 

Use of an asymmetric electrolyte gradient instead of the conven-
tional symmetric electrolyte solution is a well-established approach to 
significantly increase the event frequency for the translocation of DNA/ 
RNA molecules through the nanopore (Roozbahani et al., 2017), thus 
improving the sensor sensitivity for nucleic acid analysis. To examine 
whether this strategy can be employed to improve the sensitivity for 
target nucleic acid detection using the large size PET nanopore, trans-
location of AuNP-P1 hybridization complexes in the nanopore under 
asymmetric electrolyte conditions was further investigated. Since AuNPs 
tend to aggregate at high salt concentrations, we kept the concentration 
of KCl in the PET nanopore base-side compartment constant at 0.5 M, 
but varying the salt concentration in the tip-side compartment from 0.5 

M to 2 M (note that the analytes were added in the base compartment). 
Our experimental results (Figs. S7a, b, and e) showed that, using a salt 
gradient instead of a symmetric buffer solution, there was indeed a 
significant increase in the number of DNA translocation events. Specif-
ically, compared with the symmetric electrolyte solution of 0.5 M KCl 
(base)/0.5 M KCl (tip), a salt gradient of 0.5 M KCl (base)/2.0 M KCl 
(tip) resulted in a 7-fold increase in the event frequency. Furthermore, 
we noticed that, with an increase in the salt concentration of the tip 
compartment, the open channel current increased dramatically but the 
event blockage amplitude did not change significantly (Fig. S7c). 
However, the event residence time decreased with an increase in the salt 
gradient (Fig. S7d). The dose response curve for the target nucleic acid 
detection under an asymmetric electrolyte solution of 0.5 M KCl 
(base)/2.0 M KCl (tip) was shown in Fig. S7f with a detection limit of 0.5 
nM. 

Fig. 4. Nanopore detection of target ssDNA. Representative event amplitude histograms of (a) 25 nM and (b) 100 nM of target DNA; and (c) the plot of event 
frequency versus target DNA concentration. The experiments were performed at +600 mV in the presence of 1 μM of AuNP-P1 and 2 μM of P2. 

Fig. 5. (a) Selectivity study, and (b) 
mutation mapping. The experiments 
were performed at +600 mV in a sym-
metric buffer condition with both the 
PET nanopore base and tip compart-
ments filled with 0.5 M KCl and 10 mM 
Tris (pH 8.0). The concentrations of 
DNA samples used were 200 nM each. 
The sequences of DNA samples in Fig. 5 
were summarized in Table S1. The one- 
mismatch, two-mismatch, 3-mismatch, 
and 4-mismtach results shown in 
Fig. 5a were based on DNA sample 1-M- 
2, 2-M-3, 3-M-1, and 4-M, respectively.   
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4. Conclusion 

In summary, by taking advantage of two DNA hybridization probes 
(one of which was immobilized on the surface of AuNPs, while the other 
was free in solution), detection of short length nucleic acids was suc-
cessfully achieved using a large size (20 nm tip diameter) PET nanopore. 
Although only two base mismatch resolution was accomplished in this 
proof-of-concept investigation, a better sensor resolution and accuracy 
might be obtained using an appropriately engineered PET nanopore 
instead of the unmodified PET nanopore used in this work, as demon-
strated in our previous study (Zhang et al., 2020a). In particular, 
alumina surface modification (Wang et al., 2021a) should improve both 
the LOD and the selectivity. Furthermore, solid-state nanopores fabri-
cated in thin (10–30 nm in length) Si3N4 membranes may be used as 
alternative stochastic sensing elements for nucleic acid detection. It has 
been well-documented that these short solid-state nanopores could 
provide a better resolution than the long channel-based PET nanopores 
(Garaj et al., 2013; Lee et al., 2014). Moreover, it could be visualized 
that a better nanopore sensor resolution and accuracy might be achieved 
if more hybridization probes were employed. In addition, although the 
sensing strategy was demonstrated by analysis of a short DNA sequence, 
it was in principle applicable to detect various nucleic acids, including 
microRNAs, viral RNAs, and messenger RNAs, using large size nano-
pores. It is worth mentioning that the effectiveness of utilizing nano-
pores to analyze real samples has been reported previously by, e.g., Gu’s 
group who used nucleic acid extraction kits to extract microRNA from 
clinical samples (Wang et al., 2011), and Wang and co-workers who 
employed the displacement chemical reaction to selectively extract 
target nucleic acid from whole blood (Wang et al., 2018a), followed by 
nanopore analysis. Given the ability of a single PET nanopore to be 
repeatedly used for ~90 times for effective nucleic acid detection 
(Supporting Information, Fig. S8), our developed nanopore sensing 
platform may find useful applications in medical diagnosis. 
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