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COMPOSITIONS AND METHODS RELATED TO
NUCLEIC ACID SENSUORS

CrOSs REVERENCE TO RELATED APPLICATIONS

{66417 This apphication claims priority to and the bepefit of US. Provisional Patent
Apphcation No. 63/317,424 filed March 7, 2022, which is incorporated herein by reference in

its entirety for all purposes.
SEGQUENCE LISTING

{6621 The et of the computer readable sequence listing filed herewith, titled “SKYSG-
40581-6017, created March 7, 2023, having a file size of 12,686 bytes, is hereby incorporated
by reference in ils entirety,

STATEMENT REGARDING FEDERAL FUNDING

#8831 This invention was made with government support under grant number Al144247

awarded by the National Institutes of Health. The government has certain rights in the

nvention.
Figop

{8084]  The present disclosure provides compositions and methods related to nucleic acid
sensors. In particular, the present disclosure provides membrane-spanming nucleic acid sensors,

sigial transducers, and molecular amplifiers for lysis-free detection of internal nucleic acids.
BACKGROUND

{804%8]  The detection of nucleic acid targets non-invasively inside vesicles enclosed by lipid
bilaver membranes, such as exosomes and cells, is of great mierest, as 1t can lead to many
applhications 1 both medicine and many branches of biomedical science. Many of these
applications can take advantage of the various features of nucleic acids. For example, the stem-
loop structure or the bairpin structure of DNA or RNA occur naturally, and this stmeture s
very important, since it forms the building blocks for RNA secondary structures that function
as recognition sites for proteins and as nacleation sites for RNA folding. The different lengths
and sequences of loops and stems, in addition to the salt concentration in solution, affect the
structural stability of the hatrpin, in addition to the thermodynamics and the kinetics of

conformational change 1n folded and unfolded states. Furthermore, the simple yet powerful
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structure has been applied to, for example, molecular beacons, molecular computations, and
hairpin chain reaction (HCR) amplification, among others uses.

[8086]  Additionally, tochold mediated strand displacement {TMSD) refers to a process in
which a DNA strand in a DNA helix structure called the protector strand can be displaced and
replaced by an invader strand that 1s complementary to the other strand in the original helix
structure. The other strand in the onginal helix structure is called the oniginal strand, which has
an overhang called a “tochold” that assists the invading strand in dislodging and replacing the
protector strand. The TMSD process has many apphications for DNA molecular machines,
DNA computing, DNA sensing, and programmable BNA nanostructures, among others.
Moreover, hairpin chain reaction {HCR) s a powerful enzvme-less isothermal amplification
method based on two {or more} metastable monomer hairpins. To trigger the polymerization
of the monomers, an initiator strand is introduced. HCR programmability was exploited for

many applications for DNA and RNA detections, in addition to RNA imaging in fixed cells.
SUMMARY

{8647} Embodiments of the present disclosure include a nucleic acid sensor comprising a
double-stranded stern domain comprising at least one hydrophobic tag, at least one tochold
domain positioned at an end of the double-stranded stem domain, and optionally, a hairpin
domain positioned at an end of the double-stranded stem domain oppostie of the tochold
domain.

[8888]  In some embodments, the sensor comprises two tochold domains positioned at both
ends of the double-stranded stem domain.

{8689]  In some embodiments, the sensor does not comprise a hairpin domain.

{B018]  In some embodiments, the sensor comprises two separate nucleic acid molecules
having complementary sequences that form the double-stranded stem domain, and wherein
cach of the separate nucleic acid molecules comprises a tochold domain.

133111 fo some crobodiments, the sensor comprises one tochold domain and ove hatrpin
domain at opposite ends of the double-stranded stem domam,

{88121  In some embodiments, the sensor comprises a single nucleic acid molecule, and
wherein the single nucleic acid molecule comprises an internally compiementary sequence that
forms the double-stranded stem domain.

8131 In some embodiments, the nucleic acid sensor 15 a DNA molecule. In some
embodiments, the nucleic acid sensor is an LNA molecule. In some embodiments, the nucleic

acid sensor is an RNA molecule.
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[8834]  In some embodiments, the at least one toehold domain 1s complementary to a target
nucleic acid sequence.

{88i%] In some embodiments, the target nucleic acid sequenee is 3 DNA molecule or an
RNA molecule.

j#8is]  In some embodiments, the at least one tochold domain is from about 5 o about 20
nucleotides.

18171 In some embodiments, the stem domain is from about 10 to about 30 nucleotides.
[8818]  In some embodiments, the hairpin domain 1s from about 5 to about 20 nucleotides.
[8818]  In some embodiments, the sensor comprises at least two hydrophobic tags. In some
embodiments, the at least two hydrophobic tags are positioned from abowt 120° to about 180°
from cach other. In some embodiments, the at least two hyvdrophobic tags arc posttioned from
about 4 to about 6 nuclestides from each other.

{281 Io some embodiments, the sensor comprises aft least three hydrophobic tags. In some
embodiments, the at east three hydrophobic tags are positioned from about 90° to about 1207
from each other. fn some embodiments, the at least three hydrophobic tags are positioned from
about 2 to about 4 nucleotides from each other.

[8628]  In some embodiments, the at least one hydrophobic tag 1s positioned such that the at
least one hvdrophobic tag spans from about 1.5 nm to abouwt 3.0 nou

#0221 In some embodiments, the sensor comprises a nucleic acid sequence that is at least
50% identical to SEQ 1D NOs: 1 or 2. In some embodiments, the sensor comprises a nucleic
acid sequence that is at least 90% identical to SEQ ID NOUs: 5,8, or 11,

186231 Embodiments of the present disclosure also include a composition comprising any
of the nueleic acid sensors deseribed herein.

{8624]  In some embodiments, the composition comprises at least ong reporter nucleic acid.
In some ombodiments, the at least one reporter nucleic acid comprises a sequence that is
coroplementary to at least a portion of the optional hairpin domain. In some embodiments, the
at least ong reporter nucleic acid comprises a sequence capable of initiating at least one of! (i}
tochold mediated strand displacement (TMSD); (it} loop-mediated isothermal amplification
{LAMP}; and/or (3111} hairpin chain reaction (HCR).

[8828] Embodiments of the present disclosure also include a method of detecting a target
nucleic acid using any of the sensors of described herein.

[8826]  In some embodiments, the target nuckeic acid 1s located within a membranous vesicle
or cell. In some embodiments, the method comprises detecting the target nucleic acid without

tysis of the membranous vesicle or eell.
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{88271 In some embodiments, the target nucleic acid 1s BDNA or RNA,

[8828]  In some embodiments, detecting the target nucleic acid comprises an amplification
step. In some cmbodiments, the amplification step compnses at least one of tochold mediated
strand displacement (TMSD)}, loop-mediated isothermal aroplification (LAMP), and/or hairpin
chain reaction {HCR).

{291 In some embodiments, the method comprises a target detection step.

166381 o some embodiments, the method comprises sequencing the target nucleic acid.
[8838] Embodiments of the present disclosure also include a kit comprising any of the
sensors described herein, and instructions for detecting a target nucleic acid.

{8832} In some embodiments, the kit further comprises a calibrator or conirol. In some
embodiments, the calibrator or control comprises a detection moiety. In some embodiments,
the calibrator or control comprises a nucleic acid sequence that is at least 90% identical to SEQ

IDNOs: 3,4,6,7.9,10, 12, or 13.
Bripy DESCRIPTION Or THE DRAWINGS

{8833] FIGS. 1A-1B: Representative schematic diagrams of DNA sensors, according to
one embodiment of the prosent disclosure.

j34] FIGS. 2A-2B: Representative schematic diagrams of methods of using double-
stranded DNA sensors for nucleic acid detection, according to one embodiment of the present
disclosure.

[8838] FIG. 3; Representative contocal images showing the msertion of double stranded
DNA sensors through a membrane showing green rings on the GUVs on the right panel and
the detection of target strands forming red rings on the GUVs on the middle panel.

{80361 FIGS. 4A-4B: Representative schematic diagrars of methods of using haurpin DNA
sensors for nucleic acid detection, according to one embodiment of the present disclosure.
{377 FIG. 50 Representative experimental resulis of negative contral experiments for a
DNA sensor of the present disclosure.

16838] FIG. 60 Representative confocal images showing detection of internal nucleic acid
targets in a vesicle with several composition ratios of POPC and Cholesterol.

[8838] FIG. 7. Representative experimenial results demonstrating that double stranded
sensors bave minuwal effects on unrelated molecules present i GUVs, causing only on average
around 8.4% leakage in all three expermments.

j487  FIGS. 8A-8B: Representative confocal images showing the insertion of hairpin DNA

sensors through a membrane showing green rings on the GUVs on the left panel due to target
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binding to the sensor and the negative control on the right panel with scramble DNA inside the
GUVs that does not produce green ring on GUVs.

{8838]  FIGS. 9A-98B; TMSD schematic of hairpin DNA sensors after intravesicular target
binding and opening of the sensor {0 enable the binding of the reporter strand on top panel and
representative confocal images showing the detection of target forming green rings on GUVs
on bottom left panel and binding of reporter strands on the open stem part of the sensor forming
red rimgs on GUVs on bottom right pancl

[88421 FIG. 10 TMSD schematic of double stranded DNA sensors after intravesicular
target binding allowing some part of the target to bind to the reporter added ountside GUVs on
top panel and representative confocal images of target detection showing red ring formation
due to target binding to hatrpin sensor on bottorn left panel and the binding of reporter strand
to the part of the target protruding cutwardly from GUVs membrane due to TMSD forming
blue ring on the right panel.

168431 FIG. 11 Representative experimental result of TMSD negative control experiments
for double stranded DNA sensor that shows no reporter binding indicating no TMSD across

Epid membrane m the case of scramble intravesicular BNA target of the present disclosure.
DETATLED DESCRIPTION

[§#i44] Embodiments of the present disclosure provide nanomcter-sized hiosensors
fabricated from DNA that can span lipid hilayer membranes, detect intemal nucleic acid targets
present 1n vesicles, and amphify the signal from an event of detection to enable the detection of
low concentration targets. This inventive subject matter of the present disclosure is based on
several phenomena and technologies closely related to DNA nanotechnology and molecolar
biology, mcluding DNA hairpin structure, tochold-mediated strand displacement, DNA
hvbnidization design and free energy calculation, molecular dynamics simuldation, hatrpin chain
reaction, and bicconjugation. Embodiments of the present disclosure utilize the
multidisciplinary developments mentioned above to create a single and a double stranded DNA
nanostructure with sequences, structures, and hydrophobic decoration designed n such a way
that 1t can anchor, insert over lipid bilayer membranes, and detect internal nucleic acids of
interest while allowing information to be transduced across the membrane by means of TMSD
and to be amplified by means of isothermal amplification such as HCR. The use of TMSD and
HCR or other isothermal amplification methods will have widespread applications for the DNA

sensors of the present disclosure and thetr related components.
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[8848]  Several types of mucleic acid sensors are described herein, and egach has been
designed and tested to accommodate efficiont insertion and anchorage across the lipid bilayer
membrane of vesicles for lysis-free internal nucleic acid target detection. Transduction of
signal from detection events across membranes and amplification of the mtormation iuside
vesicles is carried out using tochold mediated strand displacement (TMSD}, isothermal
amplification (¢.g., hairpin chain reaction (HUR)), and other possible amplification methods.
The simple approach of single-stranded DNA and double-stranded DNA will prevent the
stoichiometric issues that are ofien encountered in DNA biosensor synthesis. Simple
applications of TMSD in conjunction with iscthermal amplification provide a simple means to
transfer and amplify mformation across the membrane using DBNA biosensors for detection of
low concentrations of miemal nucleic acids. The detection of biomarkers present in exosomes
and cells can be carried out. Additionally, BNA nanosensors non-invasive detection method
can also be used o diagnose diseases and genotvpe cells, and targeted therapeutics.

{8845]  Section headings as used in this section and the entire disclosure herein are merely

for organizational purposes and are not intended o be limiting.
1. Definitions

j47]  Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art. In case of contflict,
the present document, including definitions, will control. Preferred maethods and matenals are
described below, although methods and matenals similar or equivalent o those described
herein can be used in practice or testing of the present disclosure. Al publications, patent
applications, patenis and other references mentioned herein arg incorporated by reference n
their entirety. The materials, methods, and examples disclosed herein are illustrative only and

not intended to be limiting.

23 G¢ 5% <&

{30481 The terms “comprise{s),” “include{(s},” “having,” “has,” “can,” “contain{s),” and
variants thercof, as used herein, are intended to be open-ended transitional phrases, terms, or
words that do not preclude the possibility of additional acts or structures. The singular forms
“a,” “and” and “the” include plural references unless the context clearly dictates otherwise.
The present disclosure also contemplates other embodiments “comprising,” “consisting of” and
“consisting essentially of” the cmbodiments or elements presented heroin, whether explicitly
set torth or not.

jp48Y  For the recitation of numeric ranges herein, cach intervening number there between

with the same degree of precision is explicitly contemplated. For example, for the range of 6-

6
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9, the numbers 7 and 8 are contemplated in addition to 6 and 9, and for the range 6.0-7.0, the
number 6.0,6.1,62,63,64,63 66,067, 6% 6.9, and 7.0 are explicitly contemplated.
{8858]  “Correlated to” as used herein refers to compared to.

j#08¥]  The term  “single-stranded” ohigonucieotides  generally refers o those
cligonacleotides that contain a single covalently linked series of nucleotide residaes.

{33521 The terms “oligomers™ or “oligonucleotides™ include RNA or BNA sequenecs of
more than one sucleotide 1n cither single chain or duplex form and specifically ncludes short
sequences such as dimers and tnimers, n either single cham or duplex form, which can be
intermediates in the production of the specifically binding oligonaclestides. “Modified™ forms
psed in candidate pools contain at least one von-native residue. “Oligonucleotide” or
“ohigomer” 1s generic to polvdeoxyvribonucieotides (containing 2'-deoxy-D-ribose or modified
forms thereof), such as DNA, to polyribonucleotides {containing B-ribose or modified forms
thereof}, such as RNA, and to any other type of polynuclentide which is an N-ghyeoside or C-
glveoside of a purine or pyrimidine base, or modified punne or pyrimidine base or abasic
nucleotides. Oligonucleotide™ or “oligomer” can also be used to describe artificially
synthesized polymers that are similar to RNA and DNA or DNA and RNA molecules with
modified backbone and nucleosides, imchuding, but not limited to, oligos of peptide nucleic
acids (PNA} and locked nucleic acids (LNA).

jB033]  The term “RNA analog” or “RNA derntvative” or “modified RNA” generally refer to
a polymeric molecule, which in addition to contaming ribonucieosides as its units, also contains
at least one of the following: 2'-deoxy, 2'-halo (including 2'-fluoro), 2'-amino {(preferably not
substituted or mono- or disubstituied), 2"-mono-, di- or tri-halomethyl, 2'-G-alkyl, 2'-0O-halo-~
substitated  alkyl, 2'-alkyl, azido, phosphorothioate, sulthvdryl, methyiphosphonate,
fluorescein, rhodamine, pyrene, biotin, xanthing, hypoxanthine, 2.6-diamino purine, 2-
bvdroxy-6-mercapiopurning and pyrunidine bases substituied at the 6-position with sulfur or §
posttion with halo or Cisalkyl groups, a basic linkers, 3'-deoxy-adenosine as well as other
available “chain terminator” or “non-cxtendible™ analogs {(at the 3'-end of the RNA), or fabels
such as 7P, P and the like. All of the foregoing can be incorporated into an RNA using the
standard svnthesis techmgues disclosed herem.

{8884} The terms “binding activity” and “binding affinity” generally refer to the tendency
of a ligand molecule to bind or not to bind to a target. The encrgetics of these imteractions are
significant m “binding activity” and “binding atinity” because thev can include definitions of
the concentrations of nieracting partners, the rates at which these partners are capable of

assoctating, and the relative concentrations of bound and free molecules in a solution,
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[8888]  “Complementary” refers to the characteristic of two or more structural elements
{c.g., peptide, polypeptide, nucleic acid, small molecule, etc) of being able to hybndize,
dimerize, or otherwise form a complex with each other. For example, a “complementary
pepiide and polypeptide” are capable of coming together to form a complex. Complementary
clements may require assistance to form a complex {e.g., from interaction glements), for
exaraple, to place the elements in the proper conformation for complementarity, to co-localize
complereniary elements, to lower micraction energy for comaplementation, ¢te.

{88861  As used heren, the terms “nucleotide sequence identity” or "nucleic acid sequence
identity” refers to the presence of identical nucleotides at corresponding posttions of two
polynuclectides. Polymucleotides have “identical” sequences if the sequence of nucleotides in
the two polyoucleotides is the same when aligned for maximum correspondence {e.g., n a
comparison window}. Sequence comparison between two or more polynucleotides is generally
performed by comparing portions of the two sequences over a comparison window to identify
and compare local regions of sequence similarity. The companson window is geunerally from
about 20t0 200 contiguous nucleotides. The “percentage of sequence identity”  for
polvnacleotides, such as about 5, 18, 15, 20, 25, 30, 35, 40, 45, 30, 55, 60, 65, 70, 75, 80, 85,
G0, 93, 98, 99 or 100 percent sequence 1dentity, can be determined by comparing two optimaliy
aligned sequenmces over a  companson  window, wherein  the portion of the
polymucleotide sequence in the comparison window can inclade additions or deletions (e,
gaps) as compared to the reference sequence for optimal alignment of the two sequences. In
some embodiments, the percentage s calculated by (a) determining the number of positions at
which the dentical nucleic acid base occurs in both sequences; (b dividing the number of
matched positions by the total nomber of positions i the window of comparison; and {¢)
multiplying the result by 100, Optimal alignment of sequences for comparison can also be
conducted by computerized implementations of known algorithms, or by visual mspection.
Readily available sequence comparison and multiple sequence alignment algornthms are,
respectively, the  Basic  Local  Alignment  Search  Tool (BLAST) and
ClustalW/ClustalW2/Clustal Omega programs avaiable on the fnternet {(e.g., the website of
the EMBL-EBI}. Other suitable programs include, but are not hmited to, GAP, BestFu, Plot
Similarity, and FASTA, which are part of the Accelrvs GCG Package available from Accelrys,
Inc. of San Dhego, Calif, United States of America. Se¢ also Smith & Waterman, 1981
Needleman & Wunsch, 1970; Pearson & Lipman, 1988; Ausubel ot al., 1988, and Sambrook

& Russell, 2001,
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2. Nucleic Acid Sensors

{80871 Embodmments of the present disclosure taclude compositions and methods related to
nucleic acid sensors. In particular, the present disclosure provides membrane-spanning nucleic
acid sensors, signal transducers, and molecolar amplifiers for lysis-free detection of internal
nueleic acids.

{88581  Inaccordance with these embodiments, the present disclosure provides a nucleic acid
sensor comprising a double-stranded stem domam comprising at least one hvdrophobic tag, at
least one tochold domamn positioned at an end of the double-stranded stem domain, and
optionally, a hairpin domain positioned at an end of the double-stranded stem domain opposite
of the tochold domain,

j#8381  In some embodiments, the sensor comprises two tochold domains positioned at both
ends of the double-stranded stem domain. In some embodiments, the sensor does not comprise
a hairpin domain {¢.g., FIG. 1A). In some embodiments, the sensor comprises two scparate
nucleic acid molecules having complementary sequences that form the double-stranded stem
domain. In some embodiments, each of the separate nucleic acid molecules comprises a tochold
domain {¢.g., FIG. 1A}, In accordance with these embodiments, the tochold domain can be
open at one end (1.6, the 37 or 37 end of the nucleic acid molecule is unconjugaied). In some
embodiments, the 57 or 37 end of the tochold domain 1s conjugated to a detection moiety.
{3681 In some crabodiments, the sensor compnses one tochold domain and one haurpin
domain at opposite ends of the double-stranded stem domain. In some emboduments, the sensor
comprises a single nucleie acid molecule {e.g., FIG. 1B) In some embodiments, the smgle
nucleic acid molecule comprises an internally complementary sequence that forms the double-
stranded stem domamn {(¢.g., FIG. 1B}, In accordance with these embodiments, the hairpin
domain is closed {i.e., it comprises a continuous sequence of nucleic acids).

jd6] In some embodiments, the nucleic acid sensor 15 a DNA molecule. In some
embodiments, the micleic acid sensor is an RNA molecule. In some embodiments, the at least
one tochold domain is complementary to a target nucleic acid sequence. fo some embodiments,
the target nucleic acid sequence is a DNA molecule or an RNA molecule.

{86621  In some emboduments, the at ieast one tochold domain is from about 5 to about 20
nucleotides. In some embodiments, the at least one tochold domain 1s from about 10 to about
20 nucleotides. In some embodiments, the at least one tochold domain s from about 15 to about
20 nucleotides. In some embodiments, the at least one tochold domain 15 from about 5 1o about

15 nucleotides. In some embodiments, the at feast one tochold domain is from about 5 to about
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18 nucleotides. In some embodiments, the at feast one tochold domam ncludes 5,6, 7
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides.

{88631 In some embodiments, the stem domain is from about 3 to about 30 nucleotides. In
some embodiments, the stom domam s from about 10 to about 30 nucleotides. In some
embodiments, the stem domain is from about 15 to about 30 nucleotides. In some embodiments,
the stem domain is from about 20 to about 30 nucleotides. In some embodiments, the stem
domain is from about 25 to about 30 nucleotides. In some embodiments, the stom domam 15
from about S to about 25 nucleotides. In some embodiments, the stem domain 1s from about 5
to about 20 nucleotides. In some embodiments, the stem domain is from about 3 to about 13
nucleotides. In some embodiments, the stem domain includes from 3, 6,7, 8.9, 10, 11, 12, 13,
14,15, 16,17, 18, 19, 20, 21, 22, 23, 24, 25, 26,27, 28, 29, or 20 nucleotides.

j64] In some embodiments, the hairpin domain 1s from about 5 to about 20 nucleotides.
In some embodiments, the hairpin domain is from abowt 10 to about 20 nucleotides. In some
embodiments, the haupin domain s from about 135 to about 20 nucleotides. In some
embodiments, the hanpm domain is from about 3 to about 15 nucleotides. In some
cembodiments, the hanpm domain is from about 5 to about 10 nucleotides. In some
embodiments, the hairpin domain inchudes 5, 6, 7, %, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
or 20 nucleotides.

j06%3]  In some embodiments, the sensor comprises at least two hydrophobic tags. In some
embodiments, the at least two hydrophobic tags are positioned from about 120° to about 180°
from cach other. In some embodiments, the at least two hydrophobic tags are positioned about
1807 from cach other. In some embodiments, the at least two hydrophobic tags are positioned
from about 4 to about 6 nucleotides from each other. In some embodiments, the at least two
hydrophobic tags are positioned from 2, 3, 4, 5, or 6 nucleotides from each other.

[8066]  In some embodiments, the sensor comprises at least three hyvdrophobic tags. Tn some
embodiments, the at least three hydrophobic tags are positioned from about 907 to about 120°
from each other. In some embodiments, the at least three hydrophobic tags are positioned about
120" from cach other. In some embodiments, the at least three hvdrophobic tags are positioned
from about 2 to about 4 nucleotides from each other. In some embodiments, the at least three
hydrophobic tags are posttioned from about 1, 2, 3, or 4 nucleotides from cach other.

[8667]  In some embodiments, the at least one hydrophobic tag 1s positioned such that the at
least one hydrophobic tag spans from about 1.0 nim to about 3.0 nm. o some embodments, the
at least one hydrophobic tag 1s posttioned such that the at least one hydrophobic tag spans from

about 1.5 nm to about 3.0 nm. In some cmbodiments, the at least one hydrophobic tag is

10
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positioned such that the at least one hydrophobic tag spans from about 2.0 nm to about 3.0 nm.
In some embodiments, the at least one hydrophobic tag is positioned sach that the at least one
hydrophobic tag spans from about 2.5 nm to about 3.0 nm. In some embodiments, the at east
one hydrophobic tag is positioned such that the at least one hvdrophobic tag spans from about
1.0 nm to about 2.5 nm. In some embodiments, the at keast one hydrophobic tag is positioned
such that the at least one hydrophobic tag spans from about 1.0 nm to about 2.0 am. In some
embodiments, the at icast one hvdrophobic tag 15 positioned such that the at least one
hydrophobic tag spans from about 1.0 nm fo about 1.5 nm.

[8868]  In some embodiments, the sensor comprises a nucleie acid sequence that is at feast
90% identical to SEQ 1D NOs: 1 or 2. In some embodiments, the sensor comprises a nucleic
acid sequence that is at feast 91% identical to SEQ 1D NGs: 1 or 2. In some cmbodiments, the
sensor comprises a nucleic acid sequence that is at least 92% identical to SEQ ID NOs: T or 2.
In some embodiments, the sensor comprises a nucleic acid sequence that is af least 93%
identical to SEQ 1D NOs: 1 or 2. In some embodiments, the seusor comprnises a nucleic acid
sequence that 1s at least 94% wdentical to SEQ [D NQs: 1 or 2. In some embodiments, the sensor
comprises a nucleic acid sequence that is at least 95% identical o SEQ ID NOs: 1 or 2. Insome
embodiments, the sensor comprises a nucleic acid sequence that 1s at least 96% wdentical to
SEQ H3 NOs: 1 or 2. In soroe erabodiments, the sensor comprises a nucleic acid sequence that
is at least 97% identical to SEQ ID NQOs: T or 2. In some embodiments, the sensor comprises a
nucleic acid sequence that is at least 98% wdentical to SEQ 1D NOs: 1 or 2. In some
embodiments, the sensor comprises a nucleic acid sequence that s at least 99% identical to
SEGIDNGs: forZ

[886%]  In some embodiments, the sensor comprises a nucleie acid sequence that is at least
00% identical to SEQ ID NOs: 5, §, or 11, In some embodiments, the sensor comprises a
nucieic acid sequence that 18 at least 91% iderdical to SEQ 1D NOs: 3, 8, or 11, In some
embodiments, the sensor comprnses a nucleic acid sequence that s at least 92% wdentical o
SEQGIDNQOs: 5, 8, or 11, In some embodiments, the sensor comprises a nucleic acid sequence
that is at least 93% identical to SEQ 1D NOs: 5, 8, or 11, In some embodiments, the sensor
comprises a nucleic acid sequence that 1s at least 94% identical to SEQID NQGs: 3,8, or 11 In
some embodiments, the sensor comprises a nucleic acid sequence that is at least 93% identical
to SEQ ID NOs: 5, 8, or 11, In some ombodiments, the sensor comprises a mucleis acid
sequence that is at least 96% identical to SEQ 1D NOs: 5, 8, or 11, In some embodiments, the
sensor comprises 4 nucleic acid sequence that 1s at least 97% wdentical to SEQ 1D NQs: 5,8 or

11 In some embodiments, the sensor comprises a nucleie acid sequence that is at least 98%
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identical to SEQ 1D NOs: 5, § or 11, In some embodiments, the sensor comprises a nucleic
acid sequence that is at least 9% identical to SEQ ID NQs: 3, 8, or 11,

{8874  Embodiments of the present disclosure also include a method of detecting a target
nucleic acid using any of the sensors of described herein. In some embodiments, the target
nyucleic acid 18 located within a membranous vesicle or celll In some embodiments, the method
comprises detecting the target nucleic acid without lysis of the membranous vesicle or ¢cell. In
some embodiments, the target nucleic acid 1s DNA or RNA,

{66717  In some embodiments, detecting the target nucleic acid comprises an amplification
step. In some embodiments, the amphification step comprises at least one of tochold mediated
strand displacement (TMSD), loop-mediated isothermal amplification (LAMP), and/or hairpin
chain reaction (HCR). In some embodiments, the method comprises a target detection step. For
gxample, in some embodiments, nucleic acid detection includes the use of a flaorophore, a
chromophore, fluorophore pairs, fluorophore~-quencher pairs or other detection moiety known
in the art,

188721 In some embodiments, the method comprises sequencing the target nucleic acid. For
example, i some embodiments, detection of the target nucleie acid includes sequencing using
sanger sequence, next-gencration sequencing (NGS), or any other sequencing methods known
in the art.

30731 Embodmments of the present disclosure also mclude a composition comprising any
of the nucleic acid sensors described herein. In some embodiments, the composition comprises
at least onc reporter nucleic acid. In some cmbodiments, the at least one reporter nucleic acid
comprises a sequence that is complementary to at least a portion of the optional hairpin domain.
In some embodiments, the at least one reporter nucleic acid comprises a sequence capable of
initiating at least one of. (i} tochold mediated strand displacement (TMED),; (i1} loop-mediated
tsothermal amphification (LAMP); and/or (111} hairpin chain reaction (HCR).

j74] Embodiments of the present disclosure also include a kit comprising any of the
sensors described herein, and mstroctions for detecting a target nucleic acid. In some
embodiments, the kit further comprises a caltbrator or coutrol. In some embodiments, the
calibrator or control comprises a detection moiety. In some embodiments, the calibrator or
control comprises a mucleic acid sequence that 1s at least 90% identical to SEQ 1D NQs: 3, 4,
6,79, 10, 12, or 13 In some embodiments, the calibrator or control comprises a nucleic acid
sequence that 1s at least 91% identical to SEQ 1D NQOs: 3,4, 6,7, 9, 10, 12, or 13, In some
embodiments, the calibrator or control comprises a nucleic acid sequence that 1s at least 92%

wdentical to SEQ ID NOs: 3,4, 6,7, 9, 10, 12, or 13, In some embodiments, the calibrator or
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control comprises a nucleic acid sequence that 1s at least 93% identical to SEQ 1D NOs: 3, 4,
6,7, 9,10, 12, or 13 In some embodiments, the calibrator or control comprises a nucleic acid
sequence that is at least 94% identical to SEQ ID NOs: 3. 4,6, 7,9, 10, 12, or 13, In some
embodiments, the calibrator or control comprises a nucleic acid sequence that 1s at least 95%
wdentical to SEQ ID NOs: 3,4, 6,7, 9, 10, 12, or 13, In some embodiments, the calibrator or
control comprises a nucleic acid sequence that 15 at least 96% dentical to SEQ ID NQs: 3, 4,
6,7,9, 10, 12, or 13 In some crabodiments, the calibrator or control comprises a nucleic acid
sequence that 1s at least 97% wdentical to SEQ ID NOs: 3, 4,6, 7, 9, 10, 12, or 13, In some
embodiments, the calibrator or control comprises a nacleic acid sequence that 15 at least 98%
identical to SEG ID NQGs: 3,4, 6,7, 9, 10, 12, or 13, In some embodiments, the calibrator or
control comprises a nucleic acid sequence that 1s at least 99% wdentical to SEQ ID NQs: 3, 4,

6,7,9, 10,12, or 13
3. Sequences

[8875] The vanous nucleic acd segquences referenced (e, SEQ ID NQOs) hercin are
provided below.

[0876]  Table 1

Double-Stranded BNA Sensor Sequence
Strands

Strand 1 GTTTTTGTTTGTAGGAGTAChoITEG/GAGTT/Chol TE
G/IGAATG (SEQ ID NO: 1)

Strand 2 GTTTTTIGTTTGTACATTICAAChol TEG/CTCAC/iChal T
EG/TCC (SEQ ID NG: 2y

Target Strand CCCTACTCACCTCCACATICAACTCACTCCTACAAA
CAAAAAC/3CYS/ (SEQ ID NG 33

Signal/Reporier Strand TGGAGGTGAGTAGGG/3AH048%/ (SEQ 1D NO: 4)

{677 Table 2:

Hairpin Sisgle-Stranded DNA Sequence
Sensors

Sensor strand with synthetic GTTTTTGTTTIGTAGGAAChoI TEG/GTGAChI TEG/AGT
target {hairpin sensor a) THCholTEG
/GAATGAGATTACGTTTAGCATTICAACTCACTCC
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(SEQID NG 5)

Synthetic Target a (target for CATTCAACTCACTCCTACAAACAAAAAC/3Cy3/ (SEQ
hairpin sensor a) {3 NG 6)

Signal/Reporter strand hairpin | SCvS/GGAGTGAGTTGAATGCTAAACGTGAACGGALC

SCNSOr a GTTTAGUATTCAA (SEQIDNG T

Sensor strand with miR23b TGO CAG GGA TTA COT AAC CTC GOGT

target (hairpin sensor b} AAChOITEG/A TCC AChol TEG/CT GAChOITEG/G CAA
TCTGAT (SEQ ID NG §)

miRZ3b target SAn0d88/ATCACATTGUCCAGGGATTACC (SEQ 1D
NG9

Signal strand hairpin sensor b GOTAATCCCTGOCASCYS (SEQ ID NO: 10}

Sensor strand with synthetic CGGAGGTTGAGAGTGGATGGAGTAChol TEG/GAGTT
target (hairpin sensor ¢ with 31 | ACholTEG/GAATGAGTGGATGAATCTAACCGCATCC
stem} ACTCATTCAACTCACTCCATCCACTC (SEQ 1D NO:
11}

Synthetic Target ¢ {target for CATCCACTCATTCAACTCACTCCATCCACTOTCAAL
hairpin sensor ¢) CTCCGCY3V(SEQ TD NO: 12)

Signal/reporter strand hairpin GAGTGAGTTGAATNCYS\ (SEG 1D NO: 13)
SENSOT ¢

180781 It will be readiy apparent to those skilled in the art that other suitable modifications
{66791  it1s understood that the foregoing detailed description and accompanymg examples
are merely iHustrative and are not to be taken as lmitations upon the scope of the disclosure,
which is defined solely by the appended clavms and their cquivalents.

[3088]  Vanous changes and modifications to the disclosed embodiments will be apparent
to those skilled in the art. Such changes and modifications, including without imitation those
relating to the chomical structures, substiiuents, derivatives, mtcrmediates, syntheses,
compositions, formulations, or methods of use of the disclosure, may be made without

departing from the spintt and scope thereof.
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4. Fxamples

{8081} It will be readily apparent to those skilled in the art that other suitable modifications
and adaptations of the methods of the present disclosure described herein are readily applicable
and appreciable, and may be made using suitable equivalents without departing from the scope
of the present disclosure or the aspects and embodiments disclosed herein. Having now
descrbed the present disclosure o detail, the same will be more clearly understood by
reference to the following examples, which are merely mtended only to Hustrate some aspecis
and embodiments of the disclosure, and should not be viewed as hmiting 1o the scope of the
disclosure. The disclosures of all journal references, U.S. patents, and publications referred to
herein are hereby mcorporated by reference 1o their entiretics.

j80882]  The present diselosure has multiple aspects, llustrated by the following non-limiting

gxamples.

Example {

180831 Sensor design, structure and working principle. In one embodiment, the single
stranded BINA sensor is composed of tochold, stem, and hairpin sections. The duplex DNA has
two tocholds at cach end, connected by a stem section. One or two strands are required for this
crobodiment, which 18 very powerful at overconung stoichiometric problems during the
formation of sensors, which is often a challenge for DNA nanotechnology. Additionally, this
simple approach will benefit the msertion kinetics and number of hydrophobic tags that are
needed.

{6384] Based on the target length, the tochold can be about 6-13 nucleotides that are
complementary to the part of the ntemal nucleic acid target to be detected. The stem s
designed to provide structural imtegrity to the hairpin and duplex structure. The tochold
mediates the displacement of the stem section, allowing the signal to be transduced from the
mside to the outside. This stermn has about 14-15 base pairs, depending on the target length,
which are cither the same or complementary to the target sequence. The hairpin in single
stranded sensors is designed to trigger an amplification of isothermal amplification, such as
HCR or other methods such as rolling circle amplification. In order to maintain polar group
balance on both sides of the stem, the harpin is chosen to be the same length as the tochold.
Hydrophobic modifications are strategically placed on one side of the stem. Consequently, the
other side of the stem can be detached from the membrane once the TMSD is complete. FIGS.

1A-1B shows the schematic of the DNA sensor designs.
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[88858] In order for the DNA sensor to cover hvdrophobic hiquids efficiently, the spatial
arrangement of the hydrophobic tags (either two or three tags) 1s carefully designed in such a
way that when projected onto the cross section of the stem, the distance between thom is 130
degrees for two hydrophobie tags or 120 degrees for three hydrophobic tags {(see FIGS. 1A and
1B, middle pancly. Accordingly, the angular separation between two tags 1s achieved by §
nucleotides i1n the case of two tags and 3 and 4 nucleotides in the case of three tags. This can
be seen 1o FHG. 1A and FIG. 1B, lofi panels, where the bydrophobic tags are shown 1 green
and the spacing between them also shown. As a result, the stem will be anchored perpendicnlar
to the membrane surface inside the Iipid bilayer membrane. Based on the separation of 3
nucleotides and 3-4 nucleotides, the distance covered by the hydrophobic tags 1s around 1.8 10
2.5 nm, which 1s less than the known thickness of lipid bilayers of 3.5-4.0 nm, which ensures
the stem sits perpendicularly in the membrane, and the hairpin and tochold are free on opposite
sides.

168861 The hyvdrophobic tags are asyoumetrically placed along the stom to favor jnsertion of
the tochold into the vesicle for sucecssful mtemal nucleic acid detection. As a result, the
hydrophobic group is positioned closer to the tochold region so that it gives a less polar nucleic
acid on the tochold stem side. Given that the tochold and hairpin are the same length, the
orientation during insertion only depends on the position of the hydrophobic group on the stem,
which s very versatile in terms of design. The placement of the hydrophobic tags 18 shown
FIGS. 1A and 1B, left panels.

{66871 Two mismatches are introduced on the 14-15 base pair-long stem to create faster
kinetics of TMSD, along with an optimal tochold length of around 6-10 nt (Zhang and Winfree,
20309). The mismatches are cargfully chosen and placed so they will not affect the integrity of
the stermn structure, but only help the kinetics of TMSD. The mismaiches are located in the
vicimity of the hydrophobic group. Nupack shows a high probability of equilibrium around the
mismatches, thus confinming the stem's integrity, but decreasing the region's stability,

8] Once the TMSD is completed, the signal is transduced across the membrane. As a
result of bemg displaced by the target strand, one of the single strand units of the stom region
will be freed from membrane confinement to be outside the vesicle. As the opened single
stranded hairpin section 1s displaced by the single stranded unit of the siem, a hairpin cham
reaction is triggered. FIG. 1B right panel shows two monomer hairping of HCR in the case of
single stranded DNA sensor. They are designed specifically in such a way that the reaction will
only be tniggered if there 15 a successful event of internal target detection and TMSD across the

lipid bilayer membrane. For double-stranded sensors, the iniernal target strand 1s designed to
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have a section that acts as a target for the signal strands with fluorophores to bind and detect
the TMSD. HCR cannot be carried oot for the double stranded DNA sensor doe to the length
hEmitation of the target, FIG. 1A shows the internal target and the signal strand for the double
stranded DNA sensor.

{30881 In the case of double stranded DNA, the signal strand will bind to part ¢ shown in
FIG. 1A, For haupin sensor, HCR amplification will occur once the hairpin is opened. The
binding of the signal strand or the monomers of HCR aliows detection of the fluorophore signal,
which may be detected by microscopy or gel assay. In microscopy, the signal strand and one
of the hairpin monomers can be conjugated with a fluorophore to detect the polymer formed
from HCR. ¥ is also possible to monitor the detection at the plate reader using monomer
hairpins with an emitter-quencher pair or a donor-acceptor pair, or by using fluorescent
dequenching detection or FRET.

{881 Using the design principles above, Nupack is then used to design and generate
opitmized sequences for single and double stranded DNA sensors. Among the initial targets s
the sequence from mucroRNA miR23b, an adaptation for practical application. DNA sensors
are listed in Tables 1 and 2, along with their targets, signal strands for double stranded sensors
and hairpin monomers for single stranded sensors.

{8091 Giaot unilameliar vesicles (GUVS) with phospholipids and some cholesterol 1n their
membranes were used to carry out proof-of-concept experiments. GUVs are svnthesized with
target DNA encapsuolated within them. Using fluorescence counfocal microscopy, the DNA
target and the DNA sensor will both be labeled with tluorescence dye to enable the analvsis of

the DNA target's interaction with the GUV

Example 2
[8892)  Bouble-stranded and hairpin DNA sensors inscrtion across a membrane and
detection of single stranded PNA within a GUYV as a proof of concept for BNA sensor
insertion across the membrane, Experiments were conducted to demonstrate that the DNA
sensors can insert the lipid bilaver membrane and sense the internal target inside the vesicles.
In order to demonstrate how the msertion and detection work, a very simple vesicle was
synthesized from runmmal lipid composition of POPC and cholesterol. The left panels of FIGS.
24 and 4A show a schematic of the process once the target binds (o sensors contaning double-
stranded and single-stranded DNA. FIG. 8A shows successful intravesicular target detection
by hairpin BNA sensor forming green ring on the GUVs and FIG. 8B is the negative control

bv having scrarable miravesicular DINA target where no green tng is observed.
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{80931 By using a fest sample of GUV encapsulating a specific target DNA that is
complementary to the tochold of the single and double stranded DNA sensors, the detection of
internal nucleic acid targets is demonstrated. This GUV i3 synthesized by reverse emulsion or
cDICE method, where POPC phospholipid and cholesterol have a ratio of 709%:30%,
respectively. The inner solution contains sucrose of a certain concentration, as well as KCl of
250 mM and a target concentration of 100-1000 nm. There 1s an outer sohution of glucose of a
certain concentration and KClof 250 mM. The concendration of sucrose and ghucose 1s adjusted
to equalize the osmolarnty of the 1oner and outer solutions. The DNA sensors are then mixed
with the test sample and mcubated for about 1.5 hours before being examimed under a confocal
microscope. In FIGS. 1A-1B, the DNA sensors are labeled with sybr gold, while the internal
target BNA 1s tagged with Cyv3 fluorophore, referred to as tluorophore 1 FIG. 3 shows confocal
tmages showing the insertion of double stranded DNA sensors through the membrane showing
green rings on the GUVs on the right panel and the detection of target strands forming red rings
on the GUVs on the middle panel. The rosertion and detection are checked using a fluorescent

contocal microscope expenment.

Example 3

{8094  Toechold mediated sirand displacement across GUV membranes. Tochold mediated
strand displacement (TMSD) occurs in solution when there 1s no confining membranc
surrounding the DNA (Yurke et al, 2000}, In this embodiment, the DNA sensors undergo
TMSD under lipid bilaver membrane confinement. In the design section, it was noted that the
sensors have hydrophobic tags on one side of the double stranded stem, allowing the other side
to be released to the outside of the vesicle once TMSD is compieted across the membrane.
TMSE across the membrane will have zero differences in total Gibbs free energy from the
perspective of a single base patr. TMSs kinetics is expected to be slower than that in solution
only if there 15 no confining membrane. FIGS. ZA and 4A right panel show the schematic for
the single stranded and double stranded DNA sensors,

{30951 The GUV test sample deseribed in section H is used. It is tagged with a signal strand
that has a different fluorophore from the target. In the case of single stranded DNA scunsors, the
signal strand 18 desigred with Nupack (nupack.org) to ensure no leakage will occur if TMSD
across the merobrane does not happen. Additionally, the assays shown in FIGS. 2A and 4A are
carctully designed so that no false positives can be tniggered. Upon completion of the TMSD
across membrane, the detection of internal target information 1 transduced outside and the

signal strand is expected to bind with the part of the sensor that 1s released to the outside yet
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siill anchored to the membrane through the sensors in order to give out a fluorescent signal
from the sensor surface, as shown in FIG. 2B for double stranded DNA sensors. The event was

investigated using fluorescent confocal microscopy.

Example 4
[8886]  HOR amplification of internal tavget detection in hairpin sensor. HCR
amplification s used to demonstrate the amplification of detection events. Nupack
(nupack.org) was used to design the hairpin monomers. The hairpios and assay are checked for
feakage and false positive signals. The schematic for the experiment is shown 1 FIG. 4B, One
of the hairpins is labeled with a different fluorophore than the target. As a result of HCR
amaplification, the sensor should be able to detect low concentrations of DNA targets. The same
GUVY test sample ts mixed with the sensor and both monomer hawrpins. The amplification is

observed using fluorescent confocal microscopy.

Example 8

Ty Testing on several GUV compaosition ratio for double stranded sensor, Experiments
were conducted to check the double stranded sensor ability to insert and detect internal nucleic
acid targets in the vesicle with several composition ratios of POPC and Cholesterol. These
experiments are to test the ability of the double stranded sensor to detect targets encapsalated
in different hpid-bilayer membrane composition. FIG. 6 shows red rings as a resalt of interpal
nucieic acid detection which proves the double stranded sensor s still functioning very well
under different synthetic lipid bilayer composition.

{098 Small dye molecules leakage assay and invasiveness characterization for double
stranded sensor. The invasiveness of the double stranded sensor is also checked by performing
small dve molecules leakage assay. Confocal images mdicated that the sensor is not causing
any visible damage to the GUY . However, a leakage assay was performed to test how it affects
very small dve molecules only and conjugated with a certain length of single strand DNAs
mside GUVY which are wuelated to the sensor. The leakage of ATTO48% dve molecules,
ATTO488- 30t single strand DNA, and ATT0O488-22nt single strand DNA were tested. FIG.
7 depicts the effect it has on the small dye molecules. From the resalt, it was concluded that
the double stranded sensors have minimal effects on wrelated molecules present i GUVY,

causing only on average around 8.49 leakage in all three experiments.
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Example 6
{8099y TMSD across lipid bilaver membrane on double stranded and hairpin DNA
seasors possibility. Experiments were conducted to check the possibality of TMSD across ipid
membrane on double stranded and hairpin DNA sensors. Inside GUVs, corresponding DNA
targets for double siranded and hairpin DNA sensors are encapsulated. The sensors are then
added and incubated for several hours to allow TMSE to proceed. Finally, the reporter specific
to sensors are added to probe the occurrence of TMSD.
{31881 FIG. 9A shows the schematic of the experiment and process for hairpin DNA sensor.
FI1G. 9B shows the detection of the intravesicular target forming green rings on GUVs on the
fett pancl and the bimding of the reporter strands from outside GUVs onto the open stem part
of the sensor fornung red rings on GUVs. In the case of double stranded DNA sensors, FIG.
10 top panel shows the schematic of the process of the TMISD across memibwane and the
penctration of some part of the target rendering it avatlable for reporter to bind from outside
GUV and bottom panel shows the representative of confocal images where the target detection
by double stranded sensors forms red ring on GUVs on leff bottom panel and the formation of
blue ring on GUVs dug to the binding of reporter strands on the sensor on bottom right panel.
The negative control experiment by having scramble mitravesicular DNA target and usmg
double stranded DNA sensors shows no formation of blee ring on the GUVs as shown mn FiG,
11
[8181] It 15 understood that the foregoing detailed deseription and accompanying exampies
are merely iHustrative and are not to be taken as hmitations upon the scope ot the embodiments
of the present disclosure, which 1s defined solely by the appended claims and their equivalents.
Various changes and modifications to the disclosed embodiments will be apparent to those
skilled 1o the art. Such changes and modifications, including without Iimitation those relating
to the chemical structures, substituents, derivahives, intermediates, syntheses, compositions,
formulations, or methods of use of the embodiments of the present disclosure, may be made
without departing from the spinit and scope thercof,
j3182]  For reasons of completeness, various aspecis of the embodiments of the present
disclosure are sct ount in the following numbered clauses:
14183)  Clawse 1. A mucleic acid sensor comprising: a double-stranded stemy domain
comprising at least one hydrophobic tag; at least one tochold domain positioned at an end of
the double-stranded stem domain; and optionally, a hairpin domain positioned at an end of the

double-stranded stem domain opposite of the tochold domain.
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[8184]  Clause 2. The sensor of clause 1, wherein the sensor comprises two tochold domains
positioned at both ends of the double-stranded stem domain.

{8885)  Clause 3. The sensor of clause 1 or clavse 2, wherein the sensor does not comprise a
hairpin domain.

j#186]  Clavse 4. The sensor of any of clanses 1 to 3, wherein the sensor comprises two
separate nucleic acid molecules having complementary sequences that form the double-
stranded stem domain, and wherein cach of the separate nucleic acid molecules comprises a
tochold domain.

[8187]  Clause 5. The sensor of clause 1, wherein the sensor comprises one tochold domain
and one hairpin domain at opposite ends of the double-siranded stem domain.

[8188]  Clause 6. The sensor of clause 5, wherein the sensor coraprises a single nucleic acid
molecule, and wherein the single nucleic acid molecule comprises an internally complementary
sequenge that forms the double-stranded stem domain.

{819 Clause 7. The sensor of any of clauses 1 to 6, wherem the nucleic acid sensor is a
DNA molecule, an LNA molecule, or combinations thereof.

[8834]  Clause 8. The sensor of any of clauses 1 {o 6, wherein the nucleic acid sensor is an
RNA molecule.

{8141} Clause 9. The sensor of any of clauses 1 to 8, wherein the at least once tochold domain
is complementary to a target nucleic acid sequence.

{18321 Clause 10, The sensor of clause 10, wherein the target nucleic acid sequence is a
DNA molecuie or an RNA molecule.

{81131 Clause 11, The sensor of any of clauses 1 to 10, wherein the at least one toehold
domain is from about 5 to about 20 nucleotides.

{814} Clause 12, The sensor of any of clauses 1 to 11, wherein the stem domain is from
about 5 to about 30 nucleotides.

[118]  Clause 13. The sensor of any of clauses 1 to 12, wherem the hairpin domain 1s from
about 5 to about 20 nuclectides.

{8118]  Clause 14, The sensor of any of clauses 1 to 13, whercin the sensor comprises at
least two hydrophobic tags.

[88817]  Clause 15. The sensor of clause 14, wherein the at least two hydrophobic tags are
positioned from about 120° to about 180° from each other.

{81i8]  Clause 16. The sensor of clause 14 or clause 15, wherein the at least two hyvdrophobic

tags are positioned from about 4 to about 6 nucleotides from each other.
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{81191 Clause 17. The sensor of any of clauses 1 to 13, wherein the sensor comprises at
least three hydrophobic tags.

{8828]  Clause 18 The sensor of clause 17, wherein the at least three hyvdrophobic tags are
positioned from about 90° to about 120° from each other.

{8128 Classe 19. The sensor of clause 17 or classe 18, wherein the at least three
hvdrophobic tags are positioned from about 2 o about 4 nucleotides from cach other.

161221 Clause 20, The sensor of any of clauses 1 1o 19, wherein the at least one hydrophobic
tag is positioned such that the at least one hyvdrophobic tag spans from about 1.0 nm {o about
3.0 nm.

{8823] Clause 21, The sensor of any of clausgs 1 to 20, wherein the sensor comprises a
nucleic acid sequence that is at least 90% wdentical to SEQ 1D NOs: Lor 2.

j124]  Clause 22, The sensor of any of clauses 1 1o 20, wherem the sensor comprises a
nucleic acid sequence that is at least 90% identical to SEQ I NGs: 5, %, or 11,

1612581 Clause 23. A composition comprising the mucleic acid sensor of any one of clauses
11622

[8836]  Clause 24 The composition of clause 23, wherein the composition further comprises
at least one repovier nucleic acid, wherein the at least one reporter nucleic acid comprises a
sequence that is complernentary to at least a portion of the optional hatrpin domain.

27 Clause 25, The composition of clause 23, wherein the composition further comprises
at least ong reporter nucleic acid, wherein the at least ong reporter nucleic acid comprises a
sequence capable of mitiating at least one oft (i) tochold mediated strand displacement
{TMSD); (1) loop-mediated isothermal amphfication (LAMP); and/or {n1} hairpin chamn
reaction {HCR).

{8128]  Clause 26, A method of detecting a target nucleic acid using any of the sensors of
clauses 1 to 22, or the compositions of clauses 23 to 23,

11291 Clause 27, The method of clause 26, wheremn the target nucleic acid is located within
a membranous vesicie or cell.

161381 Clause 28. The method of clause 27, whereim the method comprises detecting the
target nucleic acid without lysis of the membranous vesicle or cell.

[8838]  Clause 29. The method of any of clauses 26 to 28, wherein the target nucleic acid is
DNA or RNA,

{8132]  Clause 30. The method of any of clauses 26 to 28, wherein detecting the target

nucleic actd comprises an amphification step.
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{81331 Clause 31, The method of clause 30, wheren the amplification step comprises at
least ong of tochold mediated strand displacement {(TMSD), loop-mediated isothermal
amplification {LAMP), and/or hairpin chain reaction (HCR).

j8134]  Clause 32. The method of any of clauses 26 to 31, wherein the method comprises a
target detection step.

{4538)  Clause 33, The method of any of clauses 26 to 32, wherein the method comprises
sequencing the target nucleic acid.

{61361 Clause 34. A kat comprising any of the sensors of clauses 1 to 22, and instructions
for detecting a target nucleic acid.

{8837} Clause 35 The kit of clausc 34, further comprising a calibrator or condrol.

[3138]  Clause 36. The kit of clause 35, wherein the calibrator or control comprises a
detection moiety.

139)  Clause 37 The kit of clause 35, wherein the calibrator or control comprises a nucleic

acid sequence that is at least 90% identical to SEQ D NOUs: 3,4, 6,7, 9, 10, 12, or 13,
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CLATMS
What s claimed 1s:

1. A nucleic acid sensor comprising:

a double-siranded stem domain comprising at least one hydrophobic tag;

at least one tochold domain positioned at an end of the double-stranded stem domain;
and

optionally, a harrpin domam positioned at an end of the doable-stranded stem domain

opposite of the tochold domain.

2. The sensor of claim 1, wherein the sensor comprises two toehold domains positioned

at both ends of the double-stranded stem domain.

3. The sensor of claim 1 or claim 2, wherein the sensor does not comprise a hairpin
domain.
4, The sensor of claim 1, wherein the sensor comprises two separate nucleic acid

molecules having complementary sequences that form the double-stranded stem domaim, and
wherein each of the separate nucleic acid molecules comprises a tochold domain,
5. The sensor of claim 1, wherein the sensor comprises one tochold domain and one

hairpin domain at opposite ends of the double-stranded stem domain.

5. The sensor of claim 5, whercein the sensor comprises a single nucleic acid molecule,
and wherein the single nucleic acid molecule comprises an internally complementary
sequenae that forms the double-stranded stem domain.

7. The sensor of clayn 1, wheren the nucleic acid sengor 1s a DNA molecule, an LNA

molecule, or combinations thereof.

3. The sensor of claim 1, wherein the nucleic acid sensor is an RNA molecule.

9, The sensor of claim 1, wherein the at least one toehold domain 1s complementary {o a

target nucleic acid sequence.
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10, The sensor of claim 10, wherein the target nucleic acid sequence 15 a DNA molecule

or an RNA molecule.

1i The sensor of claim 1, wherein the at least one tochold domain 1s from abowt 5 to

about 20 nucleotides.

12. The sensor of claim 1, whercin the stem domain 1s from about 5 fo about 30
nucleotides.

13, The sensor of clam |, wherein the hairpim domam s from about 3 to about 20
nucleotides.

14, The sensor of claim 1, wherein the sensor comprises at least two hydrophobic tags.
15. The sensor of claim 14, wherein the at least two hydrophobic tags are positioned from

about 120° to about 180° from each other.

16. The sensor of claim 14, wherein the at least two hydrophobic tags are positioned from

about 4 1o about 6 nucleotides from each other.

17. The sensor of claim 1, wheremn the sensor comprises at least three hydrophobic tags.

18. The sensor of claim 17, wherein the at least three hydrophobic tags are positioned

from about 907 to about 120° from each other.

19, The sensor of claim 17, wherein the at least three hydrophobic tags are positioned
from about 2 to about 4 nucleotides from each other,
20 The sensor of claim 1, wherein the at least one hydrophobic tag 1s posttioned such that

the at least one hydrophobic tag spans from about 1.0 nm to about 3.0 nm.

21 The sensor of claim 1, wherein the sensor comprises a nucleie acid sequence that 1s at

feast 90% identical to SEG 1D NOs: 1 or 2.

[Nl
W
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22 The sensor of claim 1, wherein the sensor comprises a nucleic acid sequence that 1s at

least Y0% identical to SEQ ID NOs: 5,8, o1 11,

23, A composition compnsing the nucleic acid sensor of claim 1.

24, The composition of claim 23, wherein the composition further comprises at least one
reporter nucleic acid, wherein the at least one reporter nucleic acid comprises a sequence that

is complementary to at least a portion of the optional hairpin domain.

25 The composition of claim 23, wherein the composition further compriscs at least one
reporter nucleic acid, wherein the at least one reporter nucleic acid comprises a sequence
capable of inttiating at least one of (i) tochold mediated strand displacement {TMSD); (1)

loop-mediated 1sothermal amplification (LAMP); and/or (111} hairpin chain reaction (HCR).

26, A method of detecting a target nucleic acid using any of the sensors of claim 1, or the

composition of claim 23,

27. The method of claim 26, wherein the target nacleic acid s located within a

membranous vesicle or cell.

28. The method of claim 27, wherein the method comprises detecting the target nucleic

acid without lysis of the membranous vesicle or cell.

29 The racthod of claim 26, wherein the target nucleic acid 1s DNA or RNA,

30. The method of claim 26, whercin detecting the target nucleic acid comprises an

amplification step.
31, The method of claim 30, wherein the amplification step comprises at least one of
tochold mediated strand displacement {TMSD), loop-mediated isothemmal amplification

{LAMP), and/or hatrpin cham reaction (HCR).

32. The method of claim 26, wherein the method comprises a target detection step.
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33. The method of claim 26, wherein the method comprises sequencing the target nucleic
acid.
34, A kit comprising any of the sensors of claim 1, and mstractions for detecting a target

nucleic acid.

35, The kit of claim 34, further compnising a calibrator or control.
36. The kit of claim 35, wherein the calibrator or control comprises a detection moicty.
37 The kit of claim 35, wherein the calibrator or control comprises a nucleie acid

sequenae that is at least 90% identical to SEQGID NOs: 3, 4,6, 7.6, 10, 12, or 13,

[N
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