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Fast and sensitive detection of target nucleic acid biomarker sequences in complex biofluids is essential
for translational diagnostics. In this work, we report on the use of a solid-state nanopore assay to quanti-
tate sequence motifs in human plasma. Extracted DNA or RNA is annealed to a biotinylated DNA oligo-
nucleotide probe and then subjected to single-strand-specific enzymatic digestion to decompose off-
target regions. The remaining duplex product is then bound to a protein tag that enables selective detec-
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tion via resistive pulse sensing. We first demonstrate our approach on single-strand DNA and single-strand
RNA spiked into human plasma and then extend the methodology to double-strand DNA, expanding the
range of motifs that can be targeted. These advancements position our assay as a tool for the analysis of
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Introduction

The detection of molecular biomarkers in patient biofluids
provides an important pathway to rapid, frequent, and mini-
mally- or non-invasive assessment across the spectrum of
human health. While diverse molecules can serve this
purpose, nucleic acids represent a particularly important class
of biomarker because the rich information contained in their
sequences can report on molecular origin, biological role,
mutation status, and other features relevant to disease emer-
gence or progression. For ex ample, the genomes of blood-
borne pathogens like viruses and bacteria feature conserved
sequence motifs"? that can be detected to identify their pres-
ence or quantitated to indicate infection level. Meanwhile,
circulating cell-free DNA (cfDNA)® has provided a means of
probing tumor DNA to identify actionable mutations for
therapy.® Consequently, with appropriate analytical tech-
niques, quantitative detection of specific sequences can
provide tangible benefits to human health.

A limited number of technologies are available for the task
of assessing nucleic acid motifs. Next-generation sequencing
(NGS) platforms like Oxford Nanopore® and Pacific
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viral, bacterial, and human genetic markers.

Biosciences® have lowered the costs associated with reading
nucleic acid sequences directly. However, these approaches are
by nature untargeted and therefore require significant analyses
to interpret. A more targeted approach is quantitative polymer-
ase chain reaction (qPCR),”® wherein primer probes are
designed to bind to specific sequences flanking the motif of
interest, allowing it to be amplified. Incorporation of a reporter
(typically fluorescent) provides real-time readout of the ampli-
fication process and enables quantitation relative to known
standards. qPCR has become the gold-standard for sequence
detection due to its relative ease of use and outstanding sensi-
tivity as well as the selectivity afforded by the Watson—Crick
base pairing at its core. However, some critical limitations to
the approach still exist, including the lengthy cycling process,
the need for expensive optics, and known biases associated
with enzymatic amplification.”" For these reasons, there is
still need for alternative technologies capable of selective and
sensitive sequence detection at reduced cost and measurement
time.

As a platform capable of electrical analysis at the single-
molecule level,"” solid-state nanopores (SSNPs) are a major
candidate technology for this purpose. In SSNP detection, a
thin insulating membrane featuring a single, nanometer-scale
through-hole'® is positioned as a barrier between two
chambers of ionic solution and subjected to a voltage that
drives ions through the opening to define an open-pore
current. The subsequent addition of charged molecules to the
appropriate chamber can impel their electrical transport
through the pore, creating transient current interruptions (or
‘events’) that mark each translocation. Analysis of event charac-
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teristics can report on features of the threading molecules and
has been used to probe diverse molecules like DNA,'*™®
RNA,'*? proteins,?* ™’ small molecules,”® and more?*~? with
high sensitivity.

For the application of sequence motif assessment in par-
ticular, a significant limitation with SSNP detection is its lack
of selectivity: because all passing molecules can in principle
produce an event, it is challenging to identify one specific
sequence among a mixture. While it is possible to detect a
sequence-specific binding entity,** > the resulting signals can
be subtle and difficult to interpret, inducing uncertainty.
To address this, we introduced®® a selective SSNP assay that
employs two constituents: a short, biotinylated duplex nucleic
acid fragment (<250 bp) and a variant of the protein streptavi-
din mutated to feature only one active biotin-binding site
(monovalent streptavidin, or MS*’). When probed separately,
these constituents yield insignificant event rates (Fig. 1a (i)
and (ii)) because of their small size and rapid translocation
speed coupled with the limited bandwidth of typical detection
electronics. But when bound together, the larger nucleoprotein
complex becomes detectable due to steric interactions with the
pore walls®**® and produces events (Fig. 1a(iii)), the rate of
which can be used to determine concentration. Critically, we
have shown that this contrasting behavior is only observed for
duplex nucleic acids, with single-strand molecules being
too compact to alter translocation dynamics®® (Fig. 1a(iv)).
Consequently, by providing a single-strand biotinylated DNA
probe designed to match a specific sequence in solution, a
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detectable duplex nucleoprotein complex can be formed only
when the target is present, enabling its direct quantitation.
The resulting approach utilizes the high selectivity of Watson-
Crick base pairing like qPCR but avoids the need for amplifica-
tion cycles due to the molecular sensitivity of the detection
mechanism.

We initially demonstrated selective SSNP sequence detec-
tion with microRNAs®*® because they are intrinsically single-
stranded and are of a size that is naturally within the dynamic
range of the technique. However, considering the maximum
size constraint, the types of nucleic acid sequences targetable
with the assay are limited sharply. To expand the applicability
of our approach, we recently reported on a variation of this
approach that enables motifs within long, single-strand
genomes to be quantitated.*® By annealing a short, biotiny-
lated DNA probe to large target molecules and then digesting
the remaining unannealed regions enzymatically, we showed
that we could assay both single-strand DNA (M13mp18) and
single-strand RNA (HIV-1B) genomes, broadening the scope of
detection significantly.

In this report, we extend our SSNP sequence detection assay
further by describing enhancements in two specific directions
with translational relevance. First, to expand our protocols
beyond in vitro measurements, we demonstrate sequence
motif assessment in human biofluid by spiking DNA and RNA
into human plasma and then performing quantitative detec-
tion for each. We find different sensitivities associated with
the two types of nucleic acid, dictated primarily by differences
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Fig. 1 (a) Graphical representations (top) and example ionic current traces (bottom, 300 mV) for the translocation of (i) biotinylated probe, (ii) MS,
(iii) probe + MS, and (iv) nucleoprotein complex. (b) Schematic representation of specific sequence isolation protocol from single-strand DNA and
RNA targets showing (i) nucleic acids extraction from plasma, (ii) target annealing with the probe, and (iii) enzymatic digestion of single-strand

regions to result in (iv) a duplex fragment capable of binding to MS. (c) Gel electrophoresis images of the product isolated from the DNA (left) and
RNA (right) targets. In both images, lane 1 is a ladder, lane 2 is the duplex product, and lane 3 is the nucleoprotein complex resulting from MS
binding (red arrow). Full gel in ESI Fig. S1.}
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in their respective efficiencies of recovery. Second, we advance
our approach to enable the targeting of motifs internal to
double-strand nucleic acids. By melting duplex DNA in the
presence of probe molecules and then inhibiting large-scale
re-annealing of the target genomes prior to digestion, we show
that an internal motif from one target strand can be recovered
and detected. Finally, we also establish the viability of this
double-strand genome assessment in human plasma. Our
results demonstrate the translational potential of our SSNP
approach for detecting nucleic acid sequence biomarkers in
human biofluids with sensitivity and specificity.

Materials and methods
Biomolecules and reagents

Biomolecules were obtained commercially, including
M13mp18 single-strand (ss-) and double-strand (ds-) DNA
(New England Biolabs, Ipswitch, MA, USA), Cas9 messenger
RNA (mRNA) (TriLink Biotechnologies, San Diego, CA, USA),
Xbal enzyme (New England BioLabs), and Mung Bean
Nuclease (MBN) (New England Biolabs) along with 10x concen-
trated MBN buffer (New England Biolabs). MS was synthesized
in-house following a protocol reported previously.’” Synthetic
DNA oligonucleotide probes were purchased from Integrated
DNA Technologies (Coralville, 1A, USA). The sequence of the
M13mp18 complementary probe was: CGA ACT AAC GGA ACA
ACA TTA TTA CAG GTA GAA AGA TTC ATC AGT TGA GAT TTA
GGA ATA and the sequence of the Cas9 mRNA complementary
probe was: TGC TCC GCT CCA TGA TGC CCA GCA GCT
CCTTCA CGC TCT TCA GCT TCT TGC TCT. In each sequence,
T represents the position of a biotinylated thymine. De-identi-
fied, pooled human plasma, phenol/chloroform/isoamyl
alcohol (25:24:1), and chloroform were each obtained com-
mercially (Sigma Aldrich, St Louis, MO, USA).

DNA/RNA spike-in and extraction from human plasma

40 pL of human plasma were mixed with 70 pL DNase-/RNase-
free water before adding 30 pL ethylenediaminetetraacetic acid
(EDTA) (Fischer Scientific, Hampton, NH, USA) to the mixture
drop-wise to suppress native nuclease activity. After 2 hours
incubation at room temperature, either M13mp18 (ssDNA or
dsDNA) or Cas9 mRNA in water was added to a final concen-
tration as indicated in the text and mixed by light vortexing.
For extraction, the spiked plasma was mixed with an equal
volume of phenol/chloroform/isoamyl alcohol (25:24:1)
(Acros Organics, Morris, NJ, USA) in a phase lock gel tube
(Quantabio, Atlanta, GA, USA) and centrifuged at 17 000g. The
same process was repeated once with pure chloroform to
remove remnant phenol. The resulting aqueous solution (con-
taining DNA, RNA, and other soluble constituents) was col-
lected, purified, and concentrated using an appropriate Kkit:
DNA Clean & Concentrator kit (Zymo Research, Irvine, CA,
USA) for DNA or RNA Clean & Concentrator kit (Zymo
Research) for RNA. Final extracts were suspended in pure
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water and their concentrations were determined using a Qubit
fluorometer (Fisher Scientific).

Sequence motif isolation from single-strand nucleic acid
targets

Biotinylated DNA probe was mixed with the extracted nucleic
acids at a molar ratio of 13:1 for the DNA and 40:1 for the
RNA and then annealed for 5 minutes at 95 °C, followed by a
gradual temperature decrease from 90 °C to 25 °C at a rate of
1 °C per minute. The need for a higher molar ratio of probe
for RNA annealing was described in our previous work.*® For
RNA in particular, 200 pM magnesium chloride (Sigma
Aldrich) was included in the mixture to enhance the stability
of the DNA/RNA heteroduplex. Following annealing, single-
strand nucleic acids were digested by adding 40 U of MBN
enzyme for every 1 pg of DNA or 180 U of MBN for every 1 pg
of RNA, adding the appropriate volume of concentrated MBN
buffer (final concentrations: 30 mM NaCl, 50 mM sodium
acetate, 1 mM ZnSO,, pH 5), and incubated for 15 min at
30 °C. Following digestion, MBN activity was halted by mixing
an equal volume of phenol/chloroform/isoamyl alcohol
(25:24:1) in a phase lock gel tube, centrifuging at 17 000g,
then repeating once with pure chloroform to remove remnant
phenol. The final products were purified using the kits as
described above and then stored at 4 °C until further use.

Sequence motif isolation from dsDNA targets

Circular M13mp18 dsDNA was linearized by incubation with
Xbal (2 U Xbal per 1 pg DNA) for 1 hour at 37 °C, followed by a
heat inactivation step at 65 °C for 20 minutes. The linear
dsDNA was mixed with the biotinylated DNA probe at 20x
molar excess, incubated for 5 minutes at 95 °C to denature the
dsDNA, and then reduced immediately to 75 °C before cooling
first to 50 °C (at a rate of 1 °C per 4 min) and finally to 25 °C
(at a rate of 1 °C min™") to anneal probes. Next, single-strand
nucleic acids (off target M13mp18 and unannealed probes)
were digested by adding 50 U of MBN enzyme for every 1 pg of
dsDNA and incubating for 15 min at 30 °C in 1x MBN bulffer.
Following digestion, the mixture was combined with an equal
volume of phenol/chloroform/isoamyl alcohol (25:24:1) in a
phase lock gel tube and centrifuged at 17 000g. The process
was repeated once with pure chloroform as above. The final
product was purified with the DNA Clean & Concentrator kit
and stored at 4 °C until further use.

Gel electrophoresis

All gel analyses were conducted in 1x TBE buffer (445 mM Tris
base, 444 mM Boric acid, and 10 mM EDTA pH 8) under an
applied voltage of 180 V and in the presence of GelRed nucleic
acid stain (Phenix Research Products, Candler, NC). Isolated
60 bp products were run on 3% agarose gel for 45 min, along
with ultra-low range DNA ladder (Fischer Scientific). Gel
images were acquired with an E-Gel imager (Thermo Fisher
Scientific, Waltham, MA) and processed with the accompany-
ing Gel Capture software.

This journal is © The Royal Society of Chemistry 2025
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Nanopore measurements

4 x 4 mm silicon chips with a 20 nm thick, freestanding
silicon nitride membrane were purchased commercially
(Norcada, Edmonton, AB, Canada). In each membrane, a
single aperture was produced using helium ion milling (Orion
PLUS, Carl Zeiss, Peabody, MA) with a procedure described
elsewhere.”® The resulting devices featured SSNPs with dia-
meters between 8.5-12 nm as determined from the measured
electrical resistance*’ and assuming an effective thickness of
1/3 of the total membrane thickness.*' SSNP chips were stored
in a 50% ethanol solution prior to use. In preparation for
measurements, each chip was rinsed thoroughly with de-
ionized water and ethanol, dried under filtered airflow, and
then treated with air plasma (30 W, Harrick Plasma, Ithaca,
NY, USA) for 60 seconds on each side to increase hydrophilicity
and prevent bubble formation at the pore. The chip was placed
immediately in a custom flow cell 3D printed in CE 221 resin
(Carbon, Inc., Redwood City, CA, USA) and the chambers on
either side of the chip were filled with optimized®” measure-
ment buffer (0.75 M NaCl, 10 mM Tris, 1 mM EDTA, pH 8).
The transmembrane voltage was applied through Ag/AgCl elec-
trodes introduced to each chamber and connected via a patch-
clamp amplifier (Axopatch 200B, Molecular Devices, San Jose,
CA) for voltage application and ionic current measurement.
Data were collected using custom LabView data acquisition
software (National Instruments, Austin, TX). All presented
measurements were conducted under an applied voltage of
300 mV and recorded at a rate of 200 kHz using a 100 kHz
four-pole Bessel filter and subsequently analyzed using custom
LabView software with which an additional 10 kHz low-pass
filter was applied. Only events with amplitudes greater than
4.5x the standard deviation of the baseline current and with a
duration >25 ps were considered. Data were recorded in dis-
crete 3.2 s segments that were used to calculate the average
rate as well as a standard deviation (error) for each measure-
ment. All analyses reported here were performed in triplicate
(on three independent SSNP devices) and at room temperature.

Results and discussion

To establish the translational efficacy of SSNP sequence assess-
ment, we first sought to demonstrate the quantitation of DNA
and RNA motifs in human plasma. As a model, we employed a
spike-in approach that allowed us to assay select sequences
not found in humans, allowing us to avoid any possibility of
interference by native sequences already present in the bio-
fluid. For the DNA target, we selected the M13mp18 bacterio-
phage genome, a ssDNA with a length of 7249 nt. For RNA, we
employed the 4522 nt Cas9 mRNA associated with Protein 9.
While bare nucleic acids in vivo are prone to degradation by
native nucleases, nucleic acid biomarker targets are typically
shielded from such activity by barriers that include viral
capsids and extracellular vesicles. In absence of these mecha-
nisms of protection for our model molecules, we instead inhib-
ited nucleases by chelating the Mg>" cofactor required for their

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

activity using EDTA*>*® prior to spike-in (see Materials and
methods).

With the integrity of the target sequences ensured, we pre-
pared multiple aliquots (140 pL each) of human plasma with
different amounts of either M13mp18 ssDNA or Cas9 mRNA
spike-ins ranging from 0 to 12 pg. We then employed a proto-
col to yield biotinylated duplex product appropriate for SSNP
analysis from each as shown schematically in Fig. 1b. Our
approach began with a two-step process for removing other
components of the plasma and isolating only DNA or RNA
elements, respectively. In the first step, we performed a phenol-
chloroform extraction®* to separate protein constituents to the
organic phase and trap lipids at the organic-aqueous interface.
This treatment preserved all nucleic acids in the aqueous phase
along with other soluble molecules. In the second step, we sub-
jected the remaining mixture to DNA- or RNA-specific extraction
via a commercial kit. Here, we noted a difference in the extrac-
tion yields of the two kits (ESI Fig. S21). Given that downstream
SSNP analyses are performed on extracted materials, this dis-
parity would manifest in a concomitant disparity in measure-
ment sensitivity. However, this was partially offset by the high
sample purity achieved as well as the volume reduction (~6x)
resulting from the kits, which scaled the relative concentrations
of the targets and thus their detectability.

After recovering and concentrating DNA or RNA from
plasma (Fig. 1b(i)), the next step in our protocol was to bind a
60 nt biotinylated oligonucleotide probe to the target motifs in
each sample (Fig. 1b(ii)). To ensure that all available motifs
were coupled with a probe, we introduced the latter at an
excess (see Materials and methods) and then brought the
temperature to 95 °C down to 25 °C slowly (1 °C min™") to
promote annealing. Following this, we digested the remaining
single-strand nucleic acids - including off-target native nucleic
acids, unannealed probes, and the regions of the target
nucleic acids flanking the annealed probe (Fig. 1b(iii)) - using
MBN, an endonuclease that facilitates the breakdown of
internal phosphodiester bonds with a strong preference for
single-strands over duplexes.*® Because of the preponder-
ance of native RNA in plasma,”” the total mass of RNA
extracted from the negative (unspiked) specimen (1.65 ng pl™")
was significantly higher than the extracted DNA (0.5 ng pl™")
and consequently more MBN was required to digest the
former. Finally, we performed a phenol-chloroform extraction
to both inactivate MBN enzymes and remove them from the
solution. The end products (Fig. 1b(iv)) of this treatment were
60 bp biotinylated dsDNA fragments for the M13mp18 target
and 60 bp biotinylated DNA/RNA heteroduplex fragments for
the Cas9 target, both suitable for the SSNP assay. We note that
we designed our probes to feature their respective biotin moi-
eties near their centers to avoid loss of the tag; despite the pre-
ference of MBN for single-strand nucleic acids, it is known to
digest duplex molecules weakly through thermally-driven
structural fluctuations (i.e., breathing) at molecular ends.*”

Having assembled assay-compatible biotinylated constructs
from specific motifs within the DNA and RNA targets, we next
probed them with our assay. For this, the recovered duplexes
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from all plasma specimens were incubated with MS, added at
a 5x molar ratio compared to the probe to ensure that all con-
structs were bound. The nucleoprotein complexes were con-
firmed by electromobility shift assay (EMSA; Fig. 1c) prior to
being measured by SSNP analysis using optimized buffer con-
ditions.>” For all samples, we observed a steady baseline
current featuring events that could be easily distinguished
(Fig. 2b and d). Analyses of event rates revealed linear trends
for both M13mp18 and Cas9 targets as a function of spike-in
concentration (Fig. 2a and c), similar to previous reports with
the selective SSNP assay***%*®%° and confirmatory that its
signals were proportional to the amount of target in the
plasma specimens. The observed difference in slope for DNA
(36 + 4 fM ' s7") and RNA (150 + 7 fM ™" s7") appeared to stem
solely from differences in the respective yields of extraction for
DNA and RNA from plasma, given that all other experimental
details were kept consistent. Indeed, plotting SSNP event rates
against the recovered 60 bp construct concentrations (ESI
Fig. S31) yielded similar results for both molecules, demon-
strating the regularity of the measurements themselves. While
the consequence of the difference in slopes was a disparity in
assay sensitivity, it also highlighted the extraction methods as
primary targets for potential improvements to the overall
approach. The negative controls (no spike-in) produced event
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rates close to zero (~0.07 s'), attributable mainly to unbound
MS that was still added to the samples. These low values
further signified the efficient removal of background mole-
cules in our extraction protocol and contributed to the high
sensitivity of our measurement for both DNA and RNA targets
in plasma. Using the limit of detection (LoD) expression (32),
where ¢ is the standard deviation of the negative control (noise
floor) and S is the slope of the calibration curve, we deter-
mined that our measurements could resolve as little as 0.41
nM of M13mp18 ssDNA and 0.26 nM of Cas9 mRNA in human
plasma with clear pathways to further improvements.
Following validation of single-strand sequence motif
quantification in biofluid, we next sought to extend our
approach to include targets in double-strand genomes. For
this, we used as a model dsDNA the 7249 bp phage vector
M13mp18 RF I: the circular, duplex form of the bacteriophage
DNA used above. To demonstrate the process of motif extrac-
tion from this molecule, we initially performed the protocol
in vitro. The restriction enzyme Xba I was first used to linearize
the covalently-closed construct before being removed from
solution by a clean-up kit (Fig. 3a(i)). Then, a 20x molar excess
of biotinylated probe targeting a motif on one strand of the
duplex DNA was added and the mixture was held at 95 °C for
5 minutes to fully denature the dsDNA (Fig. 3a(ii)). Then, the
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(a) SSNP event rate as a function of ssDNA spike-in concentration (bottom axis) as well as the amount of DNA recovered from plasma (top

axis). (b) Example current traces for measurements of (i) O, (ii) 12.5, and (iii) 24.1 nM ssDNA spike-in. (c) SSNP event rate increase as a function of
ssRNA spike-in concentration (bottom axis) and the amount of RNA recovered from plasma (upper axis). (d) Example current traces for measure-
ments of (i) 0, (i) 23.3, and (iii) 34 nM ssRNA spike-in. (a) and (c), Solid lines are linear fits to the data, and error bars represent the standard deviation
of triplicate measurements on independent SSNP devices. All measurements were conducted at 300 mV applied voltage. Further analysis in ESI
Fig. S4.1
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Fig. 3 (a) Schematic representation of target motif isolation from
dsDNA, showing (i) a duplex containing a target sequence is (i) melted
and reannealed in the presence of a biotinylated probe and then (iii)
single-strand regions are digested to yield (iv) a duplex fragment capable
of MS binding. (b) Gel electrophoresis images of the product isolated
from the dsDNA target in water (upper gel) and spiked into plasma
(lower gel). In both images, lane 1 is a ladder, lane 2 is the duplex
product, and lane 3 is the nucleoprotein complex resulting from MS
binding (red arrow). Full gels in ESI Fig. S5.1

temperature was dropped to 75 °C cooled down to 50 °C, and
finally brought to room temperature to promote annealing
with the probe and prevent the strands from reannealing.
However, we were not able to completely prevent melted
strands from interacting, as faint bands were observed in the
gel images (Fig. 3b, top), indicating minimal strand reanneal-
ing. Following probe annealing, the remaining steps were iden-
tical to those described above for single-strand targets, includ-
ing enzymatic digestion (Fig. 3a(iii)), phenol-chloroform
extraction, DNA Clean & Concentrator kit, and incubation with
a 5x molar excess of MS (Fig. 3a(iv)). The efficacy of this
process to isolate the target sequence was again confirmed by
EMSA (Fig. 3b, top), indicating the upward shift that was
characteristic of a 60 bp duplex product with an intact biotin
moiety upon MS binding.

We next demonstrated that dsDNA motif extraction and
detection could also be performed in biofluid. For this, we
prepared a 140 pL human plasma solution spiked with 2.5 ug
(3.8 nM) of M13mp18 RF L. As in our prior measurements,
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Fig. 4 (a) Voltage-dependent translocation event rates for isolated

nucleoprotein complex (red), biotinylated 60 bp alone (black), and MS
alone (blue). All error bars represent the standard deviation of triplicate
measurements on independent SSNP devices. Solid lines are linear fits
to the data. Inset: comparison of event rates for the nucleoprotein
complex isolated from plasma and the negative control measured at an
applied voltage of 300 mV. Values differ with a significance of p < 0.001
as determined by Student's t-test.

EDTA was used to chelate Mg”* in advance of adding the spike-
in to inhibit nuclease activity and protect nucleic acids from
degradation. Total DNA was then isolated from the plasma
using a commercial kit, the efficiency of which was the main
limit on assay sensitivity as described above. Using the isolated
dsDNA, subsequent protocol steps were identical to those
employed in vitro but with an additional cleaning step with
pure chloroform following each phenol-chloroform extraction.
The successful retrieval of the final construct was verified by
EMSA (Fig. 3b, bottom), showing results identical to the
in vitro process. Finally, we performed SSNP assessments.
Fig. 4 (red) shows the event rate of the 60 bp plasma extract
complexed with MS as a function of applied voltage, showing
the linear dependence reported previously.>® The measured
rates for the complex were significantly higher than both the
biotinylated 60 bp DNA (Fig. 4, black) and the MS (Fig. 4, blue)
alone at the same concentration across the entire investigated
voltage range; for example, at 300 mV the spiked measurement
was ~3-fold higher than the negative control (Fig. 4, inset).
These results demonstrate the selectivity of the assay for
dsDNA sequence targets.

Conclusion

In this study, we presented a method for isolating specific
sequence motifs from single- and double-strand nucleic acid
targets in complex biofluid and detecting them using a selec-
tive SSNP assay. Large DNA and RNA targets spiked into
human plasma were isolated and then annealed to a synthetic
biotinylated DNA probe with complementarity to a specific
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internal sequence. Once annealed, the unpaired regions of the
genomic template were digested with a single-strand specific
endonuclease, creating duplex constructs that match the
length of the probe. The biotin moiety in these duplexes
allowed them to bind to a MS protein, facilitating their ana-
lysis by a selective SSNP assay. In this work, we first investi-
gated the performance of our assay using two different single-
strand nucleic acid targets spiked into human plasma:
M13mp18 ssDNA and Cas9 mRNA. Here, we demonstrated
that our assay could retrieve a consistent amount of the
specific sequence across the investigated concentration range
of the nucleic acid templates. Our SSNP assay exhibited good
selectivity and sensitivity, yielding a LoD of 0.41 and 0.26 nM
for ssDNA and RNA, respectively. After assessing assay per-
formance on single-strand targets in plasma, we extended our
assay by adapting our protocols to accommodate a dsDNA
target: M13mp18RF I. Similar to our findings for single-strands,
the dsDNA assay exhibited good selectivity and sensitivity.
While these outcomes demonstrate the translational poten-
tial of our SSNP assay, there are aspects of our approach that
will provide key improvements in the future. For example,
since the isolation of nucleic acid templates involves multiple
purification and extraction steps, optimization of this process
is likely to enhance the detection limit of the assay. In
addition, we have shown®® that using multiple distinct probes
designed to bind to different regions of the target nucleic
acids simultaneously can increase the SSNP event rate conco-
mitantly, yielding greater sensitivity. Overall, our results have
demonstrated the isolation and quantification of sequence
motifs within large single- and double-strand DNA and RNA
targets from human biofluids. These findings enhance the ver-
satility of the selective SSNP assay and its associated protocols
and enable a range of new applications for the platform,
including pathogen screening of viral genomes and mutation
analysis for personalized medicine in human biofluids.
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