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S
ingle-nucleotide polymorphism (SNP)
refers to the difference of one nucleo-
tide in the genome, which accounts for

about 90% of all genetic variations and
occurs approximately every 100 to 300
bases.1 Due to its prevalence in the popula-
tion, SNP represents an important bio-
marker of clinical significance in medical
diagnostics.2 There is therefore a demand
for developing a detection system capable
of picking up this subtle single-nucleotide
difference to achieve early disease detec-
tion, monitor response to treatment, and
allow better prognosis.3

Currently, the common detection techni-
ques are real-time polymerase chain reac-
tion (RT-PCR) and microarray. The former
lacks specificity in spite of tedious optimiza-
tion work.4,5 The latter allows for high-
throughput DNA screening; however, strin-
gent wash steps and precise temperature
control are required for single-nucleotide
discrimination. Still, occurrence of false po-
sitive results is still high, and long hybridiza-
tion time is required due to inherent
diffusion-limited kinetics.6 Many have thus
looked toward nanoparticle-based detec-
tion for improved sensitivity and selectivity,
and ideally low cost. The use of gold nano-
particles (nAu) receivedmuch attention due
to their numerous unique physical and che-
mical properties, rendering them an ideal
biosensing candidate.7 In particular, nAu func-
tionalized with DNA strands (nAu-DNA)8,9 has
been used extensively to probe for specific
DNA sequences in various formats.10�13 Due
to the sharpmelting temperature transition of
nAu-DNA probes, a high selectivity of single-
nucleotide discrimination can be achieved.14

For the purpose of diagnostics, it is es-
sential that a precise number of DNA
strands per nAu is controlled to better
quantify the amount of target molecules.15

Our group previously reported the design of
a nAu-DNA probe bearing a distinct number

of DNA strands to discriminate single-
nucleotide mutations.16 Two sets of non-
complementary probes, one functionalized
with 18b ssDNA (nAu-18b) and the other
with 100b ssDNA (nAu-100b), are used. In
the presence of a perfectly matched (PM)
target, the two probes are linked together
via hybridization of target DNA and form a
well-defined nAu-DNA assembly (termed
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ABSTRACT

Single-nucleotide polymorphism (SNP) is an important biomarker for disease diagnosis, treatment

monitoring, and development of personalized medicine. Recent works focused primarily on

ultrasensitive detection, while the need for rapid and label-free single-nucleotide discrimination

techniques, which are crucial criteria for translation into clinical applications, remains relatively

unexplored. In this work, we developed a novel SNP detection assay that integrates two

complementary nanotechnology systems, namely, a highly selective nanoparticle�DNA detection

system and a single-particle sensitive nanopore readout platform, for rapid detection of single-site

mutations. Discrete nanoparticle�DNA structures formed in the presence of perfectly matched (PM)

or single-mismatched (SM) targets exhibited distinct size differences, which were resolved on a size-

tunable nanopore platform to generate corresponding “yes/no” readout signals. Leveraging the in situ

reaction monitoring capability of the nanopore platform, we demonstrated that real-time single-

nucleotide discrimination of a model G487A mutation, responsible for glucose-6-phosphate

dehydrogenase deficiency, can be achieved within 30 min with no false positives. Semiquantification

of DNA samples down to picomolar concentrationwas carried out using a simple parameter of particle

count without the need for sample labeling or signal amplification. The unique combination of

nanoparticle-based detection and nanopore readout presented in this work brings forth a rapid,

specific, yet simple biosensing strategy that can potentially be developed for point-of-care application.

KEYWORDS: nanopore . gold nanoparticle . nanoparticle assembly .
single-nucleotide polymorphism . real-time detection . label-free
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Scheme 1. Schematic illustration of nanopore-based single-nucleotide detection using a nAu-DNA probe. The ssDNA
sequences on nAu-100b and nAu-18b probes were designed to be complementary to the mutant (mut) sequence and single
mismatched to the wild-type (wt) sequence. In the presence of a perfectly matched (PM) target, a well-defined nanoparticle
assembly, termed conjugate grouping, forms. Each distinct conjugate grouping is picked up as an individual signal (“Yes”
signal) when it translocates the pore of the membrane from the trans to the cis side. Every successful translocation activity is
termed a blockade event, which is characterized by its blockade magnitude (Δi) and baseline translocation duration (Δt).
When a single-mismatched (SM) target is added, the intermediate duplex structure is energetically unstable and fails to form
an assembly structure. The smaller-sized nAu-DNA probe does not result in an appreciable dip in baseline current (ic) and is
taken to produce a “No” signal.
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conjugate grouping) (Scheme 1). When a single-mis-
matched (SM) target is added, the duplex structure is
energetically unstable and no conjugate grouping
forms. Previously, gel electrophoresis was used as a
readout platform to visualize single-nucleotide mis-
match with our nAu-DNA probes.17 Despite its ease of
use, rapid detection is lacking. This has prompted our
search for an alternative readout platform to comple-
ment our highly specific nAu-DNA detection system.
A nanopore platform is a suitable candidate as its

single-molecule/particle sensitivity facilitates the rapid
picking up of signal fromour discrete conjugate group-
ings. Its simplicity of design and operation as well as
label-free characteristics is a continuation of the ease of
use associated with gel platforms. The fundamental
concept of nanopore technology is based on Coulter

counting or resistive pulse sensing principle.18 Two
fluid chambers filled with electrolyte buffer are sepa-
rated by a membrane, and the nanoscopic pore open-
ing is the only passage for ions or particles to flow
through (Scheme S1). Under the influence of an electric
field, particles translocate through the pore singly,
leading to a dip in ionic current flowing through the
pore. Each translocation activity is termed a blockade
event, with the corresponding drop in baseline current
(blockademagnitude,Δi) and the time of translocation
(baseline translocation duration, Δt) reflecting particle
size and charge, respectively. The ratio ofΔi to baseline
current (ic) is approximately the same as the ratio of
particle volume to pore volume for a cylindrical pore
based on the following equation:19

Δi

ic
¼ S(dc, ds)

ds
3

(lc þ 0:785dc)dc
2 (1)

where ds is the particle diameter, dc is the pore diameter,
and lc is the pore length. S(dc,ds) is the correction factor
dependent on the diameter ratio, dc/ds.
Since the resurgence of interest in the use of nano-

pores for DNA sequencing,20 various groups have
extended the use of this tool for other applications,
such as detection of viruses21 and nucleic acid,22 as
well as characterization of nanoparticle size and sur-
face charge.23 Its real-time in situ reaction monitoring
capability has provided insights into fundamental
mechanisms of protein�protein interaction,24 antibody�
antigen binding,25 and single-molecule transport across
a nuclear pore complex.26 One recent nanopore-based
microRNA (miRNA) expression profiling work reported
by Wanunu et al. demonstrated the ability of the
nanopore to not only detect a specific miRNA sequence
but also accurately quantify the miRNA amount down to
the subfemtomole level.27 An additional advantage of
using nanopore-based detection is that themeasurement
error can be lowered whenmore time is allowed for data
recording. This highlights the potential of having nano-
pores as a rapid yet accurate sensing platform.
Herein, we propose the use of a novel nanopore

readout platform to pick up individual distinct signals
from our well-defined nAu-DNA conjugate groupings
in situ as the nAu-DNA probes hybridize with the PM
target DNA for rapid single-nucleotide discrimination
(Scheme 1). The proportionality relationship in eq 1 is
approximately true for conical pores. Using an elastic
conical-shaped polyurethane membrane, the pore size
can be tuned such that Δi is of significant value only for
larger-sized conjugate groupings formed in the presence
of a PM target, while a negligible signal is obtained for the
SM target. In addition to the single-particle sensitivity
offered by nanopore detection, our proposed scheme
has the advantages of shorter analysis time and simpli-
fied detection and readout steps in a single workflow
procedure.

Figure 1. (a) (Left) Gel electrophoresis image of the con-
jugate groupings separated according to the order of
assembly formed. Higher order conjugate groupings, which
are larger in size, were retarded to a greater extent by the
gel matrix and so migrated through a shorter distance. The
direction of migration is indicated with an arrow. A repre-
sentative illustration of dimeric and trimeric conjugate
groupings is drawn next to the corresponding gel band
and indicated with an arrow. Other unlabeled gel bands
correspond to the higher order conjugate groupings
(tetrameric, pentameric, etc.). (Right) TEM image of the
hybridized mixture when 1.0 pmol of PM target was added
to 5 nM nAu-100b probe and 15 nM nAu-18b probe in a 30
μL reaction volume. Discrete conjugate groupings can be
directly visualized, i.e., a dimer comprising two nAu-DNA
probes, a trimer comprising three nAu-DNA probes, and so
on. (b) Raw signal trace of the respective order of conjugate
groupings. A representative trace of an individual blockade
event, obtained from separate experiments, was truncated
for each order and spliced together to form a continuous
readout signal for illustration purposes. The mean baseline
blockade duration and modal blockade magnitude of each
population are indicated using red and blue arrows, respec-
tively, with the corresponding values stated.
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RESULTS AND DISCUSSION

Characterization of a nAu-DNA Conjugate Grouping. The
direct method of DNA sequencing via the nanopore
platform suffers from high translocating velocity, ren-
dering it challenging to pick up signals accurately from
each nucleotide, much less differentiating the subtle
electronic difference for single-nucleotide discrimina-
tion.28 Our nAu-DNA probe system can slow the trans-
location speed significantly for clear, distinct signals to
be picked up. Moreover, there is an obvious size
difference between nAu-DNA probes and conjugate
groupings as seen from their differences in electro-
pheretic mobility and the TEM image in Figure 1a. In
this study, our nAu-DNA probes were designed to
detect the G487A mutation, a major genetic variant
responsible for glucose-6-phosphate dehydrogenase
(G6PD) deficiency.29 Larger sized conjugate groupings
formed only in the presence of the mutant strand to
which our probes were perfectly matched, while smal-
ler sized nAu probes signified the presence of wild-
type or, otherwise, single-mismatched target DNA. By
making use of such a distinct size disparity, differences
in electronic signals for PM and SM targets can be
magnified significantly since the blockade signals are
directly proportional to the particle volume.

The clarity in readout signals was further augmen-
ted via the use of a tunable membrane that can be
stretched to a sufficiently large pore size such that the
nAu-DNA probe-to-pore volume ratio resulted in a
negligible readout signal. The feasibility of this strategy
was demonstrated in Figure 1b, in which the smaller
sized nAu-DNA probe was drowned in the electronic
noise and appreciable blockade events were regis-
tered only for dimers and higher order conjugate
groupings. The observed trend of increasing diameter
and baseline blockade duration for higher order con-
jugate groupings is in line with theoretical expectation
since larger sized conjugate groupings give rise to a
larger dip in baseline current and encounter greater
impedance to their movement through the pore. This
strongly indicated that the positive signals obtainedwere
indeed contributed by the conjugate groupings popula-
tion. A similar strategy of using a unique probe design to
generate signature signals was previously reported.30 In
their design, a multilevel current pattern had to be
identified for signal differentiation, which can complicate
data interpretation considerably. Our probe design offers
amore straightforward “yes”/“no” readout to indicate the
presence or absence of the interrogated target.

Though the modal diameter value was close to the
expected value of each conjugate grouping order, i.e.,
50 nm for dimer, 75 nm for trimer, 100 nm for tetramer,
and 125 nm for pentamer, distinct signature signals
could not be characterized due to the wide size
distribution involved (Figure S1). Since our conjugate
groupings are nonspherical, there could be differences

in orientation and rotation of particles during translo-
cation through the pore. This resulted in differential
blockade signals despite having the same volume as
predicted by the theoretical model.31 A similar obser-
vation was made by Yusko et al., whereby proteins of
complex molecular shape give a broader distribution
of blockade magnitude.32 Further investigation has to
be carried out to understand the fundamental me-
chanism involved during translocation. For the pur-
pose of end-point detection, it is sufficient to know that
positive blockade signals are indeed indicative of
conjugate groupings that form only in the presence
of a PM target even though there are only subtle
differences between the respective orders.

Quantification of PM Target. Our nAu-18b and nAu-
100b probes were designed to be noncomplementary
to each other. As such, conjugate groupings formed
only when linked by a PM target in a tail-to-tail con-
figuration. Therefore, blockade frequency, which is
directly related to the conjugate grouping concentra-
tion, indicates the PM target concentration. A highly
linear calibration curve (R2 = 0.9965) correlating block-
ade frequency to target concentration was obtained
for the concentration range from 5.0 pM to 2.5 nM
(Figure 2). A significant extent of variability was ob-
served. This could be due to the clogging of the pore
over time, which hampered smooth particle transloca-
tion. As such, the developed platform is suitable only
for semiquantification of target DNA. Further improve-
ment to the pore performance is required for precise
quantification.

The limit of detection, defined as the PM target
concentration with mean blockade frequency three
standard deviations from the corresponding SM target

Figure 2. Standard calibration curve relating blockade fre-
quency (min�1) to target concentration (nM). Results are
mean ( SD. The mean was obtained by averaging the
values of 10 sample points collected at 1 min intervals over
a total analysis time of 10 min. A linear correlation was
obtained (R2 = 0.9965), which can be used for semiquanti-
fication of target DNA. Inset: Blockade frequency for lower
end concentration (0�0.25 nM). The blockade frequency for
the control setup, i.e., nAu-DNA probe with SM target
added, is fSM = 1.5 ( 0.7 min�1. The limit of detection,
defined as(3 SDof fSM, was found to be 5.0 pMor 200 amol.
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sample, was determined to be 5.0 pM or 200 amol.
Though not as sensitive as other nanoparticle-based
detection techniques, such as the biobarcode method
(zeptomolar)33 or scanometric assay (femtomolar),34 it
suffices for analyzing PCR-amplified DNA samples.
Compared to other ultrasensitive detection, this meth-
od has the advantage of being truly label-free. Tedious
labeling or signal amplification steps, such as silver
enhancement, are not required, which minimizes the
risks of error and enhances the simplicity and ease of
use of this platform.

Feasibility of in Situ Conjugate Grouping Formation. Given
the single-molecule sensitivity and in situ reaction
monitoring capability of the nanopore platform, we
postulate that a detectable amount of conjugate
groupings can formwithin a short time period of target
addition if the initial rate of hybridization is sufficiently
rapid. To prove this hypothesis, we first investigated
the conjugate grouping formation in real time on a
nanopore. As before, the pore size of the membrane
was mechanically actuated such that unbound

nAu-DNA probes gave little to no signal, while the
larger sized conjugate groupings returned positive
blockade events. Blockade frequency (f), defined as
the number of blockade events in the core data set
over the time interval of analysis, was used as the basis
of comparison across samples. Previously reported
methods include looking for shifts in baseline blockade
duration35 and changes in FWHM duration.36 For our
simple “yes/no” detection system, the more straight-
forward and objective parameter of blockade fre-
quency can be used for further quantitative analysis.

Our combined strategy of size-dependent discrimi-
nation and tunable nanopore complements each
component in that a positive blockade signal arises
only when a conjugate grouping forms in response to
specific PM target binding, leaving little ambiguity in
data interpretation. A rigorous statistical analysis was
also devised in this study to minimize the contribution
of nonspecific aggregates toward the positive signal
counts. Each information-rich single-particle blockade
event defined the unique position of a data point

Figure 3. (a) Development of blockade events when 0.1 nM nAu-DNA probewas loadedwith 1.0 pmol of PM target in a 40 μL
reaction volume. Data recording was carried out from t = 0min to t = 30min in 10min intervals. Appreciable growth in signal
peak was observed, indicating that the initial rate of hybridization between the PM target and nAu-DNA probe was rapid
enough for a detectable amount of conjugate groupings to form. (b) Blockade frequency (min�1) taken at 10 min time
intervals for control samples, i.e., mutant strand (mut), nAu-DNA probe (nAu-DNA), nAu passivated with 5-T (5-T nAu), and
unmodified nAu (bare nAu). Results shown are mean ( SD. The controls were not statistically different from one another at
the 95% confidence level (two-tailed Student's t test). The satellite signals were likely to be inherent to the nAu population,
such as larger size of the distribution, rather than due to nonspecific interaction between ssDNA and the nAu-DNA probe.
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relative to others in a scatter plot relating Δi to Δt.
Blockade events outside the range of 95% of popula-
tion, centered about the modal values of Δi and Δt,
were considered to be outliers and excluded from
further analysis (see Scheme S2 for details).

Upon loading the PM target to the trans side, there
was a distinct growth in signal peak over time, as seen
in Figure 3a. This implied that the initial rate of
hybridization between nAu-DNA probes and the DNA
target was sufficiently rapid. As such, the amount of
conjugate groupings accumulated within the first
30 min of analysis was sufficient to be picked up by
the nanopore (fPM = 9.4 min�1 at t = 10 min, fPM =
21.6min�1 at t= 20min, fPM = 31.8min�1 at t= 30min).
To eliminate the possibility of nonspecific binding
between the nAu-18b and nAu-100b probe, a pure
nAu-DNA probe as a negative control was similarly
analyzed over 30 min. No appreciable increase in
blockade frequency was observed (fnAu‑DNA = 2.9
min�1 at t = 10 min, fnAu‑DNA = 2.0 min�1 at t = 20
min, fnAu‑DNA = 2.9 min�1 at t = 30 min). It was unlikely
that the other component, i.e., the mutant DNA strand
(mut), which is much smaller in size, could have led to
the increase in blockade frequency. This was confirmed
by the lack of blockade signal from analyzing 1.0 pmol
of mut DNA over 30 min (fmut = 0.7 min�1 at t = 10min,
fmut = 0.9 min�1 at t = 20 min, fmut = 2.2 min�1 at t =
30 min), which was indistinguishable from that of pure
electrolyte buffer (average f value of 0.3 min�1). There-
fore, hybridization of a perfectly matched DNA target
with a nAu-DNA probe was the main driving force for
the formation of conjugate groupings.

We noted that a nonzero blockade frequency was
obtained for nAu-DNA probes. This was in excess of
interference from electronic noise, which was typically
lower than 0.3 min�1 throughout the experiments. To
confirm that these satellite signals were an inherent
characteristic of the nAu population, e.g., larger sized

particles present during synthesis or nonspecific ag-
gregates, we performed a series of control experiments
using nAu with different surface modifications. nAu
passivated with 5-T ssDNA but not conjugated with a
probe sequence gave comparable blockade frequency
as the nAu-DNA probe (f5‑T = 4.1 min�1 at t = 10 min,
f5‑T = 3.4 min�1 at t = 20 min, f5‑T = 2.7 min�1 at t = 30
min). A similar trendwas observed for unmodified bare
nAu (fnAu = 3.2 min�1 at t = 10 min, fnAu = 2.6 min�1 at
t = 20 min, fnAu = 2.0 min�1 at t = 30 min). The results
obtained for all three caseswerenot significantly different
from one another for each time interval (p > 0.05)
(Figure 3b). This strongly suggests that the nonspecific
interaction of ssDNA on the nAu-DNA probe contrib-
uted minimally to the residual signal. Although the
exact reason for the satellite signals has yet to be fully
understood at this point, we have established that they

Figure 4. Blockade frequency (min�1) taken at 10 min time
intervals for thenAu-DNAprobecontrol (nAu-DNA) only, probe
þ 1.0 pmol PM target (PM), and probe þ 1.0 pmol SM target
(SM). Results shown are mean ( SD. Difference in blockade
frequency was statistically significant at the 20min and 30min
mark by two-tailed Student's t test (*p < 0.001; n = 5).

Figure 5. (a) Comparison of discriminating ability between
PM and SM targets over 30 min using the signal ratio (R),
defined as the ratio of blockade frequency upon target
addition to that of nAu-DNA probes only. The blockade
frequency at each time point is calculated by dividing the
total number of filtered translocation events by the total
time elapsed. Results shown are mean( SE. Single-nucleo-
tide discrimination was statistically significant after 20 min
(95% confidence level). Two-tailed Student's t test was used
for statistical analysis. (*p < 0.05, **p < 0.005; n = 5). (b)
Discrimination ability of assay over time. Discrimination ratio
at equilibrium (Req = 3.3) is indicated on the plot with a red,
dotted line. Each datawas calculatedby taking the ratio ofRPM
to RSM at any time point. An R of 2.9 was already achieved by
the 30minmark.With anReq value of 3.3, 30minwas found to
be satisfactory for achieving maximum assay performance,
beyond which there was only marginal improvement.
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fluctuatedwithin a narrow range, i.e., 2 min�1 to 4min�1,
whichwas lower than the positive signals obtained in the
presence of the PM target. Hence, it suffices to treat the
satellite signals as background noise inherent to the nAu
population. Finally, it is worth pointing out that the
blockage event signal of the nAu-DNA probe shown in
Figure 1b excludes the background noise discussed here,
which is not representative of the actual blockage event.

Feasibility of Real-Time Single-Nucleotide Discrimination.
For successful single-nucleotide discrimination, blockade
signals from the addition of a SM target should be
significantly lower than that of a PM target. Our lab has
previously shown that by virtue of our probe design (high
surface charge from 5-T passivation), strong electrostatic
repulsion forces induceasufficientdestabilizingeffect such
that aconjugategroupingcannot form in thepresenceof a
single mismatch (Figure S2).16 Another reason could be
that the unstable duplex structures are disrupted as the
particles migrate through the harsh gel matrix.

On the nanopore platform, a blockade frequency
corresponding to addition of a SM target (fSM =
4.2 min�1 at t = 10 min, fSM = 3.6 min�1 at t = 20 min,
fSM = 2.6 min�1 at t = 30 min) was observed to be
consistently lower than the PM target (p < 0.001) and
cannot be distinguished from the corresponding nAu-
DNA probe control (fnAu‑DNA = 3.7 min�1) (Figure 4). It
could be that the strong electric field around the pore
opening disrupted the formation of an unstable con-
jugate grouping. Since significantly different blockade
signals for PM and SM targets were already obtained
within 20 min, we have successfully demonstrated the
feasibility of nanopore-based real-time SNP detection.

Since the total number of blockade events in the
presence of the PM target was contributed by both
conjugate groupings and background nAu signals, the
signal-to-noise ratio was used as the basis for compar-
ison across samples. We termed this as the signal ratio
(R), which is defined as the ratio of blockade frequency
upon target addition to that of nAu-DNA probes only.
Within just 20 min, R corresponding to the PM target
(RPM = 2.96) was found to be significantly higher (p <
0.05) than that of the SM target (RSM = 1.26) (Figure 5a).
Expectedly, the signal gap between the PM and SM
target widened with time. At the 30 min mark, RPM
increased to 3.61, while RSM remained relatively con-
stant at RSM = 1.24. This is expected, as more time was
allowed for the PM target to hybridize to the nAu-DNA
probe, thus accumulating more conjugate groupings.

The growing signal gap was used to quantify the
assaydiscrimination ratio (R),which is definedas the ratio
of RPM to RSM. The discrimination ability at equilibrium
was obtained by testing the same sample after 24 h of
target addition. This served as a reference point to
characterize the maximum assay performance. From
Figure 5b, an R of 2.9 was achieved by the 30 min mark,
which already started to plateau toward the equilibrium
R (Req) of 3.3. A cutoff time of 30 min sufficed for rapid
single-nucleotide discrimination, beyond which there
was only marginal improvement in the discrimination
ability of the assay. Also, no false positive was observed.
Compared to our previous work involving overnight
hybridization, preparation of a gel, and running the
sample under gel electrophoresis, the nanopore platform
has the advantages of shorter analysis time and simpler,
streamlined detection-to-readout workflow. If a more
sensitive and accurate detection is desired, the time of
analysis can be lengthened to allow for sufficient amount
of conjugate groupings to accumulate.

CONCLUSION

In this work, a novel nanopore-based assay capable
of rapid single-nucleotide discrimination was developed
and successfully applied for the detection of a clinically
relevant point mutation. The assay involved the use of a
nAu-DNA probing system to pick up specific single-site
mutations in DNA targets. By tuning the pore size of the
polymeric membrane, positive blockade signals were
registered only for the larger sized conjugate groupings,
which formed only in the presence of perfectly matched
DNA targets. Leveraging the single-particle sensitivity and
in situ reaction monitoring capability of the nanopore
readout platform, we have demonstrated the feasibility
for end-users to choose between rapid analysis andmore
sensitive detection. The real-time single-nucleotide discri-
mination allows a short analysis time of 30 min with no
falsepositives. By allowingmore time for hybridizationof a
DNA target to a nAu-DNA probe, sufficient conjugate
groupings can accumulate to detect low target count.
The current limit of detection is 5.0 pM of target sample,
which suffices for analyzing PCR-amplified clinical sam-
ples. Semiquantification of sample concentration is possi-
ble, though further refinement is required for precise
quantification. Overall, the developed assay is highly
selective, rapid, and label-freewithastreamlineddetection
and readoutworkflow, rendering it a promising candidate
for point-of-care application.

MATERIALS AND METHODS
Materials. Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4 3

3H2O), trisodium citrate dihydrate (Na3C6H5O7), 4,40-(phenylphos-
phinidene) bis(benzenesulfonic acid) dipotassium salt hydrate, and
0.1 M phosphate buffer (PB) (pH 7.5) were purchased from Sigma-
Aldrich. All synthetic DNA (modified with or without a thiol linker)
were purchased from Integrated DNA Technologies (IDT); 5.0 M

NaCl, 0.5 M EDTA (pH 8.0), and agarose were purchased from First
Base. Milli-Q water with a resistance of >18 MΩ/cm was used
throughout the experiment.

Synthesis and Characterization of nAu. All glassware and mag-
netic stir bars were cleaned with aqua regia solution and rinsed
thoroughly with Milli-Q water prior to use. nAu (25 nm) was
synthesized by the reduction of hydrogen tetrachloroaurate(III)
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trihydrate with trisodium citrate dihydrate.37 Briefly, 4.5 mL of
1% (w/v) citrate and 45.5 mL of 0.01% (w/v) HAuCl4 were
preheated separately to 107 �C reaction temperature. After
reaching a steady temperature for 30 min, the 1% citrate was
added rapidly to the 0.01%HAuCl4. After 30 min of reaction, the
ripened solution was air cooled to room temperature, filtered,
and stored at 4 �C until further use. A UV�vis spectrum was
obtained using a Cary Varian 50 Bio UV�visible spectrophot-
ometer. TEM characterization was carried out using a JEOL JEM-
3010 transmission electron microscope operating at 300 kV. At
least 100 particles were sized from TEMmicrographs via ImageJ.
A representative image is presented in Figure S3.

Fabrication of nAu-DNA Probes. Two sets of nAu-DNA probes,
one 18-base ssDNA with a 30 thiol end (nAu-18b) and the other
100-base ssDNAwith a 50 thiol end (nAu-100b), were fabricated.
The ssDNA sequences are shown in Table S1. The sequences
were designed to probe for G487A mutation (commonly
termed Mahidol),38 a major genetic variant responsible for G6PD
deficiency.29 Previously reported conjugation conditions39 were
used with modifications. Briefly, the molar ratio of ssDNA probe
to nAu used to prepare nAu-18b and nAu-100b was 1:1 and 6:1,
respectively. A modified conjugation condition of 10 mM PB (pH
7.5) and 50 mM NaCl was used. After 3 h of incubation, surface
passivation was carried out using 2.0 μM50 SH-TTTTT 30 ssDNA (5-T
ssDNAwith 50 thiol end). The final nAu concentrationwas 5.0 nM in
a 100 μL reaction volume. After 12 h, the salt concentration was
gradually increased to0.25Mbyaddinga5.0MNaCl solutionover 6
h. The solution was incubated at room temperature for another 20
h. Unbound ssDNA was removed by repeated washing and
centrifuging of the sample with 5 mM PB (pH 7.5).

Formulation of Electrolyte Buffer for Nanopore Analysis. Electrolyte
buffer containing 10mMPB (pH 7.5), 2mMEDTA (pH 8.0), 0.01%
Tween-20, and 50mMNaCl was used for the nanopore analysis.
A chelating agent, EDTA, was added to minimize aggregation
due to the screening effect by divalent metal ions such asMg2þ.
Tween-20 confers greater stability to the nanoparticles and acts
as a surfactant to promote wetting of the nanopore membrane.
The mixture was vortexed for 30 s, sonicated for 2 min, and
filtered using a 0.2 μm filter syringe. All prepared electrolyte
buffer was stored at 4 �C until further use. The buffer was
allowed to equilibrate to room temperature prior to use since
the blockade signal is a function of temperature.

Nanopore Measurement and Optimization Procedure. All measure-
ments weremade using a qNano system from Izon Science. One
unique property of this system is the tunable polyurethane
membrane (termed qNanomembrane hereafter), which can be
stretched to a desired pore size within the given recommended
range. The top and bottom fluid chambers as well as the qNano
membrane were prewetted using the prepared electrolyte
buffer. A 75 μL portion of electrolyte buffer was added to the
bottom fluid chamber, which was in contact with the cis side of
the membrane. The qNano membrane was fixed onto the
actuating arms of the equipment body and mechanically
stretched by adjusting the distance between the arms. Then
40 μL of sample was loaded to the top fluid chamber, whichwas
in contact with the trans side of the membrane. The system
was allowed to attain a steady baseline current with root-
mean-square (rms) noise less than 10 pA for 2 min prior to all
data recordings. In between each sample measurement, fresh
electrolyte buffer was run at the same voltage and mechanical
stretch. A 1.0 kPa transmembrane pressure was applied in the
direction of particle flow (trans to cis side) to fully dislodge any
residual particles from the pore. NP70A membranes (detection
range 50�150 nm) were used for all experiments.

The voltage applied was optimized to be 0.7 V, at which the
trade-off between blockade frequency and background elec-
tronic noise was balanced. The size-tunable polyurethane
membrane was mechanically actuated to an optimum value
of 45 mm. At this stretch value, distinct blockade events were
obtained for conjugate groupings while maintaining negligible
blockade signal for nAu-DNA probes. These optimized settings
were used for all experiments unless stated otherwise.

Data Acquisition. Resistive pulse signals were processed using
the Izon Control Suite v2.2 software. A sampling rate of 50 kHz
was used. By convention, resistive blockades were detected

using the following settings: noise threshold of 8, blockade
magnitude of range 0.05�25 nA, and blockade baseline dura-
tion of range 0.2 ms to 0.1 s. Noise threshold refers to the
minimum ratio of blockade magnitude to rms noise for the
signal to be recorded as a successful blockade event. This
standard setting was applied for most analyses in this work unless
stated otherwise. Raw data, i.e., blockade magnitude, blockade
baseline duration, and blockade frequency, were further pro-
cessed with the software to generate information such as size
histogram and scatter plot of blockade baseline duration versus
blockademagnitude,whichwere then exported toMicrosoft Excel
for further processing. To obtain the full signal trace, rawdatawere
exported directly as a .csv file and plotted using Origin software.

Fabrication and Characterization of nAu-DNA Conjugate Grouping. A
1.0 pmol amount of PM target was incubated in a hybridization
buffer containing 10mMPB (pH 7.5), 2.5mMEDTA, and 100mM
NaCl at 60 �C for 15 min to fully denature all hairpin structures
and self-dimers. Approximately 5 nM nAu-100b probe was then
incubated with DNA target at 40 �C for 1 h to promote
hybridization kinetics. This was followed by the addition of
the nAu-18b probe (approximately 15 nM). The final hybridiza-
tion mixture (volume of 30 μL) was left at room temperature for
20 h to attain hybridization equilibrium. Agarose gel electro-
phoresis (2% agarose at 5 V/cm, 0.5� TBE as running buffer) was
carried out for 120 min at 4 �C to separate the respective order
of conjugate groupings formed. Distinct bands corresponding
to each order were isolated and left to diffuse into the electro-
lyte buffer to recover the conjugate groupings.

The respective order of conjugate groupings was loaded
separately to the top fluid chamber at a concentration as per gel
recovery, quantified to be about 0.1 nM from the UV�vis
absorbance value. A different pore stretch and voltage were
applied for each order to obtain the optimum signal-to-noise
ratio in each case. Blockade events were recorded over 10 min.
The size of conjugate groupings was approximated using
standard polystyrene particles, which were diluted in the same
electrolyte buffer, vortexed gently for 2 min, and sonicated for 10
min prior to use. Standard particles of 70 nmwere used to calibrate
dimeric and trimeric conjugate groupings, while 118 nm standard
particles were used for higher order conjugate groupings.

Real-Time Single-Nucleotide Discrimination. A 40 μL amount of 0.1
nM nAu-18b and nAu-100b probes was loaded into the top fluid
chamber of the qNano system. Blockade events for the nAu-
DNA probes were recorded over 10 min, which served as a
control data set. Then 1.0 pmol of DNA target was added to the
top fluid chamber, and data were immediately recorded over
the next 30 min in intervals of 10 min. All samples were filtered
using a 0.22 μm filter syringe.

Statistical Treatment of Raw Nanopore Data. Each blockade event
registeredby thenanoporewas indicativeof oneparticle translocat-
ing through the pore characterized by two key parameters, i.e.,
blockade magnitude and baseline translocation duration. Each
dimension was binned separately using the Freedman�
Digconis rule.

bin size ¼ 2IQR(x)n�1=3 (2)

where IQR is the interquartile range and n represents the
number of data points.

The intersection of bin intervals of the two parameters on
the x�y plane defined a grid within which each data point was
categorized (Scheme S2). The grid with the highest data density
was set as the mode of distribution; 95% of the population, i.e.,
(2 SD, centered about the mode, formed the core data set. A
similar approach of focusing only on 95% of blockade events for
nanopore analysis was previously reported,40 although the
exact method of defining this core data set was not elaborated.
All real-time analyses in this paper were carried out on data
filtered using this rigorous statistical method.
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