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Abstract

Cancers are caused by mutations to genes that regulate cell normal functions. The capability to
rapid and reliable detection of specific target gene variations can facilitate early disease detection
and diagnosis, and also enables personalized treatment of cancer. Most of the currently available
methods for DNA mutation detection are time-consuming and/or require the use of labels or
sophisticated instruments. In this work, we reported a label-free enzymatic reaction-based
nanopore sensing strategy to detect DNA mutations, including base substitution, deletion, and
insertion. The method was rapid and highly sensitive with a detection limit of 4.8 nM in a 10-
minute electrical recording. Furthermore, the nanopore assay could differentiate among perfect-
match, one-mismatch, and two-mismatches. In addition, simulated serum samples were
successfully analyzed. Our developed nanopore-based DNA mutation detection strategy should
find useful application in genetic diagnosis.
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Introduction

Mutations to genes that regulate cell normal functions can cause serious genetic disorders
and even cancers. The capability of rapid and accurate detection of specific target gene
sequences and base variations is of paramount importance since such a genetic diagnostic
technology not only benefits early disease detection and diagnosis, but also enables
personalized treatment, thus improving outcomes. Thus far, three major approaches have
been developed for gene mutation detection, including direct sequencing (e.g., PCR), DNA
hybridization, and restriction enzyme digestion methods.1® Among them, taking advantage
of a complementary DNA or PNA probe to detect the presence of a specific target nucleic
acid sequence is one of the most popular strategies used by the current optical-,
electrochemical-, piezoelectric-, or mass-based nanobiotechnologies to detect gene
mutations.’~14 However, most of these methods are time consuming, and/or require the use
of labels or expensive instruments. Therefore, development of improved mutation detection
techniques is still highly desirable.

Nanopore stochastic sensing is an emerging label-free technique for measuring single
molecules.15-1° By monitoring the ionic current modulations produced by the interaction
between analyte molecules and a nano-scale sized pore, nanopore sensing technology has
successfully been utilized for various applications, including environmental protection,2%: 21
homeland security and bio-defense, 22 23 pharmaceutical screening,24-26 and medical
diagnosis.2”:28 At present, there are two major types of nanopore technology: biological
protein pore2%-34 and synthetic solid-state nanopore32:36. Protein pores generally provide a
better resolution and selectivity to analyte detection than synthetic nanopores but have a
reputation for being fragile. In contrast, solid-state nanopores, which can have flexible pore
diameters & lengths, are stable and could tolerate a variety of extreme conditions, and are
ideal for field deployable applications.118 In addition to the ionic current-based detection
strategy, fluorescence- and surface-enhanced raman (SER)- based nanopore sensing
techniques have also successfully been developed.37:38 Recently, molecular dynamics
simulations showed that plasmonic nanopores coupling with SER detection offered the
possibility for DNA sequencing.3® At the moment, it is hard to gauge the long-term
successfulness of these novel concepts due to the lack of experimental data thus far.
However, just like other variations of solid-state nanopores, one of the key challenges to
their sensitive detection of small molecules and even to achieve single-base resolution for
DNA sequencing is to introduce new surface functions inside the nanopore, preferably at a
specific position. Furthermore, reducing background noise can also improve their sensing
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resolution. In earlier studies, we reported a sensitive and selective a-hemolysin (aHL)
nanopore sensing method for the detection of anthrax lethal factor by using a
complementary single-stranded DNA as a molecular probe.#? The similar nucleic acid
hybridization strategies were also utilized by the Kang group and the Gu group for the
successful detection of HBV DNA and cancer biomarker microRNA. 4142 Note that, in those
sensing systems, the constrictions of the nanopores were slightly larger than the diameter of
ssDNA but smaller than that of dsDNA, so that ssDNA could rapidly translocate through the
nanopore, while dsDNA needed to be unzipped into a form of ssDNA before translocation,
thus producing significantly longer residence time events than ssDNA. Although single base
resolution has been demonstrated in these nanopore nucleic acid sensors, early studies also
demonstrated that the residence time of the dsDNA events increased significantly with the
increase in the DNA length, and was also affected by the DNA sequence (e.g., GC content).
43-45 Therefore, the hybridization-based nanopore nucleic acid assay is generally limited to
the detection of rather short sequences (~10 base) of DNA/RNA without sacrificing single-
base resolution.46

In this work, by taking advantage of single-strand specific nuclease, we developed a
nanopore enzymatic sensing strategy for rapid detection of DNA mutations. Our method
overcame the length limitation of the well-documented hybridization-based nanopore
nucleic acid assay, and could be utilized as a generic nucleic acid detection method for
analyzing DNA/RNA biomarkers (usually 18 — 22 nucleotides in length). Single-strand
specific nuclease, which acts characteristically on single-stranded nucleic acids or single-
stranded regions in double-stranded nucleic acids, are extensively employed in DNA
mutation detection.#” A variety of nucleases such as S1, P1, mung bean nuclease, and
Surveyor Nuclease have been identified thus far. Surveyor Nuclease was used as a model
nuclease in this work to proof-of-concept demonstrate our new nanopore strategy for DNA
mutation analysis due to its several unique properties.*8 First, this enzyme shows accurate
detection in not only bacterial genomic DNA but also human gene.4° Second, unlike other
single-strand specific nucleases, which have the optimum reaction pH around 4-5, Surveyor
Nuclease works most efficiently at ~ pH 7, avoiding the depurination of DNA in acidity.>0
Third, S1, mung bean, and some other single-strand specific nucleases occasionally could
not recognize some single-base mismatches,>! while Surveyor Nuclease activates on each
mismatch site although the cleavage efficiency varies with the sequence of the mismatch.52

Methods

Materials.

Surveyor Nuclease kit and DNA polymers with standard purification (desalting) were
ordered from Integrated DNA Technologies (Coralville, I1A). All the other chemicals,
including sodium chloride, Trizma base, hydrochloric acid, pentane, hexadecane, HPLC-
grade water, and DNase, RNase free water, were purchased from Sigma-Aldrich (St. Louis,
MO). 1,2-diphytanoylphosphatidylcholine was bought from Avanti Polar Lipids (Alabaster,
AL). Rabbit blood was obtained from HemoStat Laboratories (Dixon, CA).
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Bilayer experiment and data analysis.

The procedure for single channel recordings have been described previously.2” Briefly, a
Teflon film (Goodfellow Malvern, PA) with a 150-um diameter orifice separated two Teflon
chamber compartments. Planar bilayer was formed according to the Montal-Muller method.
Unless otherwise noted, the experiments were performed at 24 + 1 °C using the wild-type
aHL protein nanopore under symmetrical buffer conditions with the two chamber
compartments filled with a solution consisting of 1 M NaCl, and 10 mM Tris (pH 7.5). Both
the aHL protein and DNA polymers were added to the ¢/s chamber compartment. The
applied potential was +120 mV, unless otherwise noted. lonic currents were recorded with
Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA), filtered with a four-pole
low-pass Bessel filter at 5 kHz, and then digitized with a Digidata 1440A converter
(Molecular Devices) at a sampling frequency of 10 kHz. An average of 450 events was
recorded in each of the single channel recording experiments. The event blockage amplitude,
residence time, and number of occurrences (i.e., event counts) were obtained by using
Clampfit 10.5 software (Molecular Devices).

DNA hybridization and surveyor nuclease digestion.

DNA sample pretreatment procedure is illustrated in a flowchart (Supporting Information,
Fig. S1). Briefly, 0.5 uL 1 mM single-stranded DNA samples and 0.5 pL 1 mM of their
corresponding hybridization ssDNA probes were mixed and incubated at 95 °C for 5 min,
and then cooled to room temperature. Nuclease digestion was carried out by adding 6 UL
DNase, RNase free water, 10 uL. Surveyor Nuclease, 10 yL Surveyor Enhancer, and 3 UL
0.15 M MgCl, to the hybridized dsDNA, and incubated at 42 °C for two hours. After
cooling to room temperature, the mixture solutions were added to the ¢is chamber
compartment for single-channel recording.

Simulated serum sample analysis.

Serum was prepared by collecting the supernatant after centrifugation (2000 rpm) of rabbit
blood at 4 °C for 10 min, and was stored at —80 °C. 2 pL serum, 5 pL 100 pM LF (LF1)
DNA, 5 puL 100 pM BP DNA, and 8 pL DNase, RNase free water were mixed and incubated
at 95 °C for 5 min. Then, the samples were cooled to room temperature, and followed by
nuclease digestion and single-channel recording as described in the previous section.

Result and discussion

Principle for nanopore detection of DNA mutations

Nanopore detection of DNA mutations is accomplished by monitoring the hybridization
mixture of a sSDNA sample and a sSDNA probe in the absence and in the presence of a
nuclease. As showed in Scheme 1, in the event that the hybridization between the DNA
analyte and the DNA probe produces completely-matched dsDNA, the event signature of the
DNA mixture sample would not change significantly in the absence / presence of the
nuclease: the nanopore is always blocked for quite a long time. In contrast, if the
hybridization produces dsDNA with mismatches, the long-lived DNA events (in the absence
of the nuclease) would become less frequent or even disappear after addition of the nuclease
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to the DNA sample; furthermore, new types of events with smaller residence time could
possibly be observed due to the shorter fragments produced by the enzymatic cleavage of the
dsDNA substrate.

Base-base substitution

Initial experiments were performed in an electrolyte buffer solution containing 1 M NaCl
and 10 mM Tris (pH7.5) using the wild-type aHL protein pore as the sensing element.
Three 20-mer single-stranded DNA samples (LF, LF1, LF2) were used as the target analytes
with their sequences summarized in Table 1. Note that these three sSDNA samples had
similar sequences and were able to hybridize with the 20-mer probe DNA (BP) to form
perfectly-matched dsDNA, dsDNA with one mismatch, and dsDNA with two mismatches,
respectively. The experimental results were summarized in Fig. 1. In the case of the LF DNA
sample, which could hybridize with the probe DNA to form completely-matched dsDNA,
two types of blockage events were observed after addition of the LF-BP mixture sample to
the nanopore (Fig. 1a). One type of events showed small residence time (< 1 ms) and a wide
range of current blockage amplitudes (from ~38.2% to 89.7% of full channel blockage),
which are believed to be attributed to the brief residency of DNA polymers in the vestibule
or their collision with the opening of the aHL pore.53 The possibility that those events were
due to the translocation of unhybridized (free) ssDNA through the pore was not supported
by our control experiment (Supporting Information, Fig. S2), where ssSDNA samples
produced events with significantly different characteristics (especially event distribution and
blockage amplitude) from those of the LF-BP mixture. The other type of events presented a
narrow range of current blockage amplitudes (a mean of 80.2 £+ 2.0 % of full channel
blockage) but with a large spread of durations (ranging from hundreds of milliseconds to
seconds or even longer), which were caused by the tangling of dsSDNA with/near the
constriction region of the channel.29 For convenience, the long-lived events with residence
time more than 10 s were called permanent block, and were excluded in our data analysis.
Note that the mixture sample often permanently blocked the nanopore, and we had to flip
the applied potential polarity to make the channel reopen, indicating that the perfectly-
matched dsDNA could hardly be unzipped under our experimental condition. The same
phenomenon was observed in the experiment with the mixture sample consisting of LF, BP,
and Surveyor Nuclease, suggesting that the nuclease had no effect on the perfectly-matched
dsDNA. It is worth mentioning that, due to the size difference between ssDNA and dsDNA
(the constriction of the aHL nanopore was slightly larger than the diameter of ssSDNA but
smaller than that of dsSDNA), ssDNA and dsDNA produce significantly different residence
time events in the nano-channel. Furthermore, our experiments (Supporting Information,
Fig. S3) showed that, with an increase in the DNA length, an increased event residence time
difference between ssDNA and dsDNA was observed. Our finding was in agreement with
the previous observation that with an increase in the DNA length, the event mean residence
time of ssDNA linearly increased, while that of dsDNA rose exponentially.ref As to the one-
mismatch dsDNA sample (i.e. the mixture of LF1 and BP), similar to the completely-
matched dsDNA, it often permanently blocked the nanopore (with an amplitude of 78.7

+ 0.9 % of full channel blockage) in the absence of the nuclease. However, in sharp contrast,
in the presence of the nuclease, those long duration (seconds) events disappeared; instead, a
new type of events having a mean residence time of 2.7 + 0.3 ms and a mean residual current
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of 32.2 £ 0.5 pA appeared (Fig. 1b), suggesting that the nuclease was able to cut the dsSDNA
into shorter fragments, which could be unzipped and translocated through the nanopore. As
an important and interesting side point, we noticed a significant (~ 4.5 folds) increase in the
number of short-lived (< 1 ms) events after the nuclease was added to the LF1 and BP
mixture (Fig. 1a and Supporting Information, Fig. S4a). It is not unreasonable considering
that the total number of DNA molecules increased after nuclease cleavage of the BP-LF1
dsDNA,; further, earlier studies have shown that the event frequency for biomolecular
interaction with the nanopore was strongly affected by the length of the biomolecule.>*
Similar to the observation we made with the one-mismatch dsDNA, the two-mismatch
dsDNA (i.e., BP-LF2) also often permanently blocked the nanopore. After addition of the
nuclease to the LF2 and BP mixture, the long duration double stranded DNA events (with a
mean residual current of 28.9 + 0.4 pA, i.e., 71.9 £ 0.4 % of full channel blockage)
disappeared, and a new type of events having a mean residence time of 1.41 £ 0.12 ms and a
mean residual current of 26.8 + 1.4 pA was identified (Fig. 1c, and Supporting Information,
Fig. S5). The results suggested that the two-mismatched dsSDNA sample was cleaved into
short fragments by the nuclease, thus being rapidly unzipped and translocated through the
nanopore. However, interestingly, we noticed that, unlike the one-mismatch dsDNA, the
number of short-lived events (< 1 ms) of the two-mismatch dsDNA didn’t change
significantly in the absence/presence of the nuclease. One likely interpretation is that the
short 7 bp dsDNA fragment (sequence: 5’-GGATTATG-3’ / 3’-CCTAATA-5"), which
resulted from the nuclease cleavage of the BP-LF2, passed through the nanopore so rapidly
that most of their events were missed by the patch-clamp instrument (with a ~ 200 ps
resolution under our experimental conditions). This interpretation was confirmed by direct
measurement of current blockages using single standards of the cleavage fragments of the
one-mismatch and two-mismatch dsDNA. As shown in the supporting information, Fig. S6,
the 7-bp dsDNA fragment (sequence: 5’-GGATTATG-3’ / 3’-CCTAATA-5’), i.e., one of the
major cleavage products of the two-mismatch dsDNA produced significantly less frequent
events than the 9-bp dsDNA (sequence: 5’-AAATATTGA-3’/3’-ATTTATAACT-5’). It is
worth mentioning that, the observation and discussion we made above with nanopore
analysis of BP-LF, BP-LF1, and BP-LF2, as well as their nuclease digestion products were
also supported by the results of similar experiments in which dsDNA samples were analyzed
by agarose gel electrophoresis. As shown in the Supporting Information, Fig. S7, no new
bands were observed after addition of Surveyor Nuclease to BP-LF. In contrast, in the
presence of the nuclease, BP-LF1 and BP-LF2 showed a new band of ~ 10 bp, indicating
they were being digested by Surveyor Nuclease. Note that, bands of 2 bp and 7 bp were not
observed for the digestion products of BP-LF2, suggesting that the resolution of agarose gel
electrophoresis was not sufficient to resolve these two fragments.

To investigate the effect of the applied voltage bias on nanopore detection of DNA
mutations, the two dsDNA samples with one- and two- mismatches were further examined
at +140 mV and +160 mV, respectively. The results were summarized in Supporting
Information, Figs. S4 and S5. Similar to our observation made at +120 mV, the long duration
(including permanent block) dsDNA events disappeared after the DNA samples were
incubated with Surveyor Nuclease. In addition, we noticed that, in the absence of the
nuclease, the ratio of the number of permanent block events over the number of long
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duration (from hundreds of milliseconds to 10 s) events decreased with an increase in the
applied potential bias for both DNA samples. Specifically, as the voltage increased from
+120 mV to +160 mV, the number of long duration events increased by ~ 4 folds and ~ 8
folds for the BP-LF1 and BP-LF2 samples, respectively, suggesting that high voltage could
facilitate dsSDNA unzipping. This is similar to previous reports®3 in our laboratory. Although
both linear and exponential (non-linear) correlations between the applied potential and the
number of DNA events have been reported®-56, our experimental results (Supporting
Information, Fig. S8) favored their exponential relationship, suggesting that dSDNA’s
entrance into the aHL nanopore was the rate limiting step®’-°8. It should be mentioned that,
the principle for nanopore detection of DNA mismatches is based on the disappearance of
long-lived events due to the nuclease cleavage of the dsDNA substrate. Since a better event
contrast could be obtained at an increased applied potential bias, voltage could be utilized as
an important parameter to improve the nanopore sensor sensitivity in the detection of DNA
mismatches.

Taken together, the combined results demonstrated that Surveyor Nuclease had no effect on
the completely-matched dsDNA but could cleave both one-mismatch and two-mismatch
dsDNA into shorter fragments, thus producing new types of events in the nanopore.
Therefore, the nanopore sensor was indeed able to rapidly differentiate completely-matched
dsDNA from mismatched dsDNA. In addition, by taking advantage of the blockage
amplitudes (78.7% vs. 71.9% of full channel blockage) of the long-lived events of BP-LF1
and BP-LF2, we could readily tell the difference between one-mismatch dsDNA and two-
mismatch dsDNA. One likely reason why one mismatch difference between the two dsDNA
produced events with significantly different blockage amplitudes might be attributed to the
different orientations in which the two dsDNA polymers entered the nanopore. It has been
well documented that the event amplitude, residence time, and frequency were dependant on
the orientation of the nucleic acids when they entered the nano-cavity.3*

Terminal base-base substitution mismatch detection

Although various base-base substitution mismatch detection methods’~14 have been
reported, developing a technique which is capable of terminal base-base substitution
mismatch detection remains a challenging task. In the previous section, a sSSDNA probe
which could hybridize with the target ssSDNA to form blunt-ended dsDNA was employed to
detect base-base substitution mismatches. However, if the mismatch occurs at the terminal
location, this blunt-ended dsDNA approach might not be successful. Since after the nuclease
cleavage, one of the produced fragments was only one base pair shorter than the substrate
dsDNA so that they may be difficult to be differentiated by the nanopore sensor. On the
other hand, the other DNA fragment is too small to be detected by the nanopore due to its
rapid translocation through the nano-channel (note that Surveyor Nuclease cleaves
specifically any mismatch site in the DNA double strands at 3’-carbon side.>2). To
demonstrate the potential application of our nanopore sensor for detecting terminal base-
base substitution mismatch, another strategy which uses a sSSDNA probe to hybridize with
the target DNA to form dsDNA with overhang was designed. Specifically, a 32-mer ssDNA
molecule with a poly(A) tail (TP) was employed to analyze a 22-mer cancer biomarker DNA
(TMS) using the mutant (M113F)7 aHL nanopore, which was obtained by mutating the
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amino acid residue methionine at position 113 of the wild-type aHL protein to
phenylalanine. One criterion about whether a mutant or a wild-type aHL protein nanopore
should be used for dsSDNA analysis is the GC content of the target dSDNA. As observed in
our previous study®%3 wild-type aHL pore was inefficient to unzip GC base pairs, so that it
was generally only useful for analyzing dsDNA containing no or very low GC content or
with short length. In contrast, the (M113F); aHL nanopore could facilitate unzipping of
double stranded DNA, which led to a reduced probability for DNA to permanently block the
nanochannel, and allowed investigating a variety of dsDNA molecules, including those with
high GC content. However, although the (M113F); aHL nanopore could be utilized to
investigate the base substitution system (i.e., LF, LF1, and LF2) in the previous section, its
performance and resolution to differentiate the three DNA sequences (i.e., full match, one-
mismatch, and two-mismatch) was not as good as that of the wild-type aHL pore due to the
rapid unzipping of these dsSDNA molecules and hence the produced small residence time
events in the (M113F)7 aHL nanopore. It is worth mentioning that, another advantage of
utilizing the (M113F); aHL nanopore instead of the wild-type aHL pore is that single-
stranded DNA molecules showed more frequent events with a larger mean residence time in
this engineered nanopore so that the sensor had a better resolution to ssSDNA detection.>®
Note that, in this terminal base-base substitution mismatch investigation, the translocation of
the 10 base-long poly(A) tail produced after nuclease cleavage of the substrate dsDNA (TP-
TMS) was utilized to monitor the nuclease cleavage events. Our experimental results (Fig. 2)
showed that, in the absence of Surveyor Nuclease, although the TP-TMS mixture sample
sometimes permanently blocked the nanopore, we did observe much more frequent long
duration events than that of BP-LF1 in the wild-type aHL nanopore. These long-lived events
could be further divided into two types: one type had a mean residence time of 179 + 15 ms
and a residual current of 6.0 £ 0.5 pA (i.e., 94 + 0.5 % of full channel blockage), while the
other presented a mean residence time of 42 + 4 ms and a residual current of 9.2 +£ 0.3 pA
(91 + 0.3 % of full channel blockage). These two types of long residence time events might
be attributed to the two different orientations in which the dsSDNA entered the nanopore, as
reported by previous research.%0 In contrast, in the presence of the nuclease, these long
duration and large block amplitude events disappeared; instead, a new type of events with
small residence time (1.00 + 0.10 ms) but large amplitude (92 + 0.8 % of full channel
blockage) were observed (Fig. 2). Clearly, these new events were attributed to the nuclease
cleavage of TP-TMS dsDNA.

DNA base insertion detection

As common as base substitution during DNA replication, base deletion and base insertion
are two other kinds of mutations. To demonstrate that our nanopore sensing platform could
not only be utilized to detect base substitution, but also is able to distinguish DNA base
insertion or base deletion from completely-matched dsDNA, we further studied the
interaction between a mixture of two ssDNA molecules (BDS with a sequence of 5’-
TTAATGCTAATTGATAGGGG-3’ and TP with a sequence of 5’-
CCCCTATCACGATTAGCATTAAAAAAAAAA-3’) and the (M113F)7 aHL nanopore in
the absence/presence of Surveyor Nuclease. Note that these two ssDNA molecules could
form a 20-bp completely matched dsDNA with two extra bases (which were highlighted)
inserted in the middle region. The experimental results were summarized in Fig. 3. Similar
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to the observation we made in the nuclease digestion of TP-TMS in the previous “terminal
base-base substitution mismatch detection” section, in the absence of the nuclease, in
addition to the short-lived events, two types of long duration events were clearly identified.
One type of events had a mean residence time of 83.2 + 9 ms and a residual current of 4.6
+ 0.3 pA, while the other showed a mean residence time of 770 + 58 ms and a residual
current of 30.1 + 0.6 pA. Again, these events should be attributed to the two different
orientations in which the dsDNA entered the nanopore. In contrast, in the presence of the
nuclease, the long duration events disappeared, and a new type of events with much smaller
residence time (tqf = 13.6 + 0.9 ms) could be observed, suggesting that the DNA mixture
sample could be cleaved by the nuclease, so that the two ssDNA molecules were not
completely matched.

Detection limit of the base-base substitution detection

As a proof-of-principle purpose, detection of point mutation (one mismatch) based on the
formation of blunt-ended dsDNA was utilized as a model system in this investigation. Under
the commonly used symmetric electrolyte condition with 1 M NacCl in both the cisand trans
compartments of the nanopore sensing chamber, LF1 could be detected at as low as ~ 50 nM
(data not shown). To improve the sensitivity of the nanopore sensor for analysis of DNA
biomarkers in human serum / blood (note that their concentrations in healthy people are
normally in the range from few nanomolar to tens of nanomolar89-61), nanopore detection of
LF1 was further carried out in a salt gradient. It has been well documented that using a salt
gradient instead of a symmetric electrolyte buffer condition could significantly increase the
event frequency for the translocation of nucleic acid molecules through a nanopore, thus
improving the detection limit of the nanopore sensor.52 Briefly, the cis chamber
compartment was filled with an electrolyte buffer solution consisting of 0.5 M NaCl and 5
mM Tris-HCI (pH 7.5), while a solution of 3 M NaCl and 10 mM Tris-HCI (pH 7.5) was
added to the frans compartment. The concentration of BP DNA was 250 nM, while the
concentrations of LF1 ssDNA ranged from 20 nM to 250 nM. The mixture solutions of LF1
DNA and BP DNA were incubated in the presence of 10 uL Surveyor nuclease, 10 pL
Surveyor enhancer, and 3 uL MgCl, for 2h at 42 °C before added to the protein nanopore for
electrical recording at +120 mV. Our experimental results (Figs. 4a and 4b) showed that both
the mean residence time and blockage amplitude of the new type of events (i.e., attributed to
the BP-LF1 cleavage products) were unvaried with the changing concentration of the LF1
DNA. Therefore, residence time and amplitude could be used as signatures for identifying
LF1. Our experiments (Fig. 4c) also demonstrated that the frequency of the new events
increased exponentially with the increase in the concentration of the LF1 ssDNA, suggesting
that, in addition to diffusion and electrophoretic effect, the interaction between the dsDNA
molecules and the aHL nanopore might play a significant role in the DNA capture rate®3.
The detection limit of this sensor system (defined as the concentration corresponding to
three times the standard deviation of a blank signal) in a 10-minute recording period was
~4.8 nM. Although the sensitivity of the nanopore sensor operated under our investigated
experimental conditions was not very impressive, it is expected that the detection limit for
point mutation could be significantly improved by using a larger salt gradient (e.g., 0.15 M
NaCl (cis) / 3 M NaCl (trans)) and with a greater applied voltage (e.g., + 180 mV), as
documented in our previous studies.#0.64
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Detection of base-base substitutions in serum

To proof-of-concept demonstrate the potential application of the developed nanopore
sensing platform as a useful tool for clinical analysis of DNA mutations, simulated serum
samples, which were prepared based on the base-base substitution system as described in the
previous section, were examined. Briefly, the mixture of LF DNA and BP DNA as well as
the mixture of LF1 DNA and BP DNA were spiked into the rabbit serum, which were then
analyzed by the wild-type aHL protein nanopore sensor in the absence and in the presence
of Surveyor Nuclease at +120 mV. The experimental results were summarized in Fig. 5 and
Supporting Information, Fig. S9. Similar to the observation we made in the previous sections
(i.e., without serum), the completely-matched dsDNA / serum mixture sample blocked the
nanopore most of the time both in the absence and in the presence of the nuclease (Fig. S9),
while the one-mismatch dsDNA / serum mixture sample often permanently blocked the
channel in the absence of the enzyme but produced short duration events after addition of the
nuclease to the mixture sample (note that the possibility that these frequent long duration
events were attributed to the serum was ruled out by the control experiment, in which the
serum only blocked the nanopore occasionally). Furthermore, interestingly, we noticed that,
long residence time events were still able to be observed in the one-mismatch dsDNA /
serum mixture sample even when 10 pL nuclease was added to the solution (in comparison,
with 10 pL nuclease, all of these long-lived events disappeared in the absence of serum).
One possible interpretation is that the nuclease might have a reduced activity in the serum
medium. This interpretation is supported by another experiment, in which all of the long
duration events disappeared, and significantly more frequent new type of short duration
events could be observed when the amount of added nuclease was increased to 20 pL (Fig.
5).

Conclusions

In summary, by monitoring the interaction between a nanopore and a DNA mixture sample
(containing a DNA analyte and a DNA probe) in the absence and in the presence of a
nuclease, a highly sensitive nanopore biosensor for DNA mutation detection was developed.
Our method took advantage of the ability of nuclease to cleave mismatched DNA into short
fragments, allowing analysis of longer DNA sequences than the well-documented
hybridization-based nanopore nucleic acid assay did. Unlike various traditional detection
techniques, our nanopore sensor was rapid (10 min assay), inexpensive, and does not require
the use of labels. Furthermore, due to the excellent mismatch recognition capability of the
nuclease, our method could be utilized to detect various types of dsSDNA mutations,
including base substitution, deletion, and insertion. It should be noted that, with the wild-
type aHL protein as the sensing element and using a sSSDNA probe to hybridize with the
target ssDNA to form blunt-ended dsDNA, our nanopore sensor can analyze DNA with ~20
bases in length. Longer DNA samples can be investigated if an engineered aHL protein
nanopore and/or a sSDNA probe which can react with the target sSDNA to form overhang
dsDNA is used.53 It should be noted that, our developed enzymatic reaction-based nanopore
DNA mismatch detection strategy can be coupled with other genome-targeting technologies
such as CRISPR/Cas9 systems,5%:66 which produce RNA-guided site-specific DNA
cleavage, to investigate a variety of other genetic related diseases. For example, in spite of
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the DNA length limitation (~20 bases), our nanopore sensor could be utilized to investigate
Huntington disease, which consists of an abnormal expansion of a CAG repeat (e.g., 36 or
more repeats) in the genetic code. When analyzing such a ssSDNA sample (> 100 bases), we
can divide the entire gene into many segments of ~20 bases long and design their
corresponding ssDNA probes, with their hybridization mixtures analyzed by the nanopore
sensor sequentially or using an array of nanopores simultaneously.5’
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Target Probe Target
DNA DNA DNA

Scheme 1.
Nanopore detection of DNA mutations. If the sample contains mutant DNA, its

hybridization with the DNA probe would produce dsDNA with mismatches; and hence, the
event signature of the hybridized dSDNA in the nanopore would change significantly in the
absence / presence of the nuclease. In contrast, if the sample contains wild-type DNA, its
hybridization with the DNA probe would produce completely-matched dsDNA. Thus,
addition of the nuclease to the hybridized DNA sample would not affect the event signature.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 September 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

a) w blockage
y

| |

Figure 1.

Page 16

o blockage

Typical trace segments of (a) the completely-matched dsDNA,; (b) one-mismatch dsDNA,;
and (c) two-mismatch dsDNA in the (Lef?) absence and (Right) presence of the nuclease.
The experiments were performed at +120 mV with the wild-type aHL protein pore in 1 M

NaCl solution buffered with 10 mM TrieHCI (pH 7.5).
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Figure 2.
Nanopore detection of terminal base mismatch. (a) Without and (b) with Surveyor Nuclease.

Amplitude in Fig. 2 was blockage residual current. The experiments were performed at +140
mV with the mutant (M113F)7 aHL pore in 1 M NaCl solution buffered with 10 mM
TrieHCI (pH 7.5).
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Figure 3.
Nanopore detection of DNA insertion/deletion. (a) Without; and (b) with Surveyor Nuclease.

Amplitude in Fig. 3 was blockage residual current. The experiments were performed at +140
mV with the mutant (M113F)7 aHL protein pore in 1 M NaCl solution buffered with 10 mM
TrieHCI (pH 7.5).
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Figure 4.
Effect of DNA concentration on the characteristics of current blockage events. Plot of (a)

residence time, (b) blockage amplitude, and (c) event frequency as a function of LF1 DNA
concentration, showing that both the event mean residence time and amplitude were
unvaried with the changing concentration of added DNA, while the event frequency
increased with increasing DNA concentration. Iy/l, in Figure 4b is normalized blockage
current, which was obtained by dividing the average blockage amplitude of an event by the
average open channel current. The experiments were performed with the wild-type aHL
protein pore at +120 mV in the presence of 250 nM BP DNA. An asymmetric buffer
condition (with 3 M NaCl and 10 mM Tris-HCI (pH 7.5) in the frans compartment and 0.5
M NaCl and 10 mM Tris-HCI (pH 7.5) in the c¢is compartment) was used. The events with
residence time less than 3 ms were not included in the data analysis to minimize the
potential interference from the short-lived events attributed to the brief residency of DNA
molecules in the vestibule or their collision with the opening of the aHL pore.
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a)

c)

Figureb.
Nanopore analysis of one-mismatch dsDNA in serum. (a) 0; (b) 10 uL; and (c) 20 pL

Surveyor Nuclease. The experiments were performed at +120 mV with the wild-type aHL
protein pore in 1 M NaCl solution buffered with 10 mM TrieHCI (pH 7.5).
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Target DNA Probe DNA
Nucleic acids Sequence Nucleic acids Sequence
LF 5’-GGATTATIGTrAAATATTGA-3 BP 5’-TCAATATTTAACAATA ATCC-3’
LF-1 5’-GGATTATTGTGAAATATTGA-3’ BP 5’-TCAATATTTAACAATA ATCC-3’
LF-2 5’-GGATTATGGTGAAATATTG A-3’ BP 5’-TCAATATTTAACAATA ATCC-3’
T™MS 5’-CTAATGCTAATCGTGATAGGGG-3’ TP 5’-CCCCTATCACGATTAGCATTAAAAAAAAAA-3’
BDS 5’-TTAATGCTAATTGATAGGGG-3’ TP 5’-CCCCTATCACGATTAGCATTAAAAAAAAAA-3’

*The mismatched or inserted bases are highlighted.
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