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Abstract: Exosomal microRNAs (miRNAs) have con-
siderable potential as pivotal biomarkers to monitor
cancer development, dis-ease progression, treatment
effects and prognosis. Here, we report an efficient target
recycling amplification process (TRAP) for the digital
detection of miRNAs using photonic resonator absorp-
tion microscopy. We achieve multiplex digital detection
with sub-attomolar sensitivity in 20 minutes, robust
selectivity for single nucleotide variants, and a broad
dynamic range from 1aM to 1pM. Compared with
traditional qRT-PCR, TRAP showed similar accuracy in
profiling exosomal miRNAs derived from cancer cells,
but also exhibited at least 31-fold and 61-fold
enhancement in the limits of miRNA-375 and miRNA-
21 detection, respectively. The TRAP approach is ideal
for exosomal or circulating miRNA biomarker quantifi-
cation, where the miRNAs are present in low concen-
trations or sample volume, with potentials for frequent,
low-cost, and minimally invasive point-of-care testing. )

Introduction

Exosomal microRNAs (miRNAs) sequestered within ex-
tracellular vesicles play diverse roles in biological processes,
including cell-cell communication, cell proliferation, and
inflammatory response.! miRNAs participate in post-tran-
scriptional regulation of gene expressions. As a result,
inappropriate miRNA release from exosomes can result in
the development of cardiovascular diseases® and cancers.
On this basis, exosomal miRNAs are recognized as pivotal
biomarkers for diagnosing cancer development and monitor-
ing the progression of diseases, prognostication and deter-
mining therapy outcomes.”! However, exosomal miRNAs
may be present in extremely low concentrations, which is a
current barrier to utilizing exosomal miRNAs as bio-
markers. For exosomes isolated from cells or plasma, there
can be far less than a single miRNA per exosome on
average, even for the most abundant target sequences
(mean=+SD across six exosome sources was 0.00825+0.02
miRNA molecules/exosome).!

Traditional methods such as quantitative reverse tran-
scription polymerase chain reaction (QRT-PCR) for miRNA
have been considered as the gold standard for miRNA
quantification with femtomolar limits of detection.’! How-
ever, qRT-PCR requires complicated enzymatic amplifica-
tion and complicated primer designs.” Other quantification
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methods such as northern blots” and oligonucleotide
microarrays® are performed on cell lysate; Where fluores-
cent reporters”) are constructed to obtain enhanced
fluorescence signals for profiling miRNA in cells."” Tradi-
tional methods for miRNA detection do not meet current
demands. In particular, loop-mediated isothermal amplifica-
tion (LAMP)' strand displacement amplification
(SDA),' exponential amplification reaction (EXPAR),!"’)
rolling circle amplification (RCA)," and some enzyme-free
amplification methods, such as catalytic hairpin assembly
(CHA),™ hybridization chain reaction (HCR),' and en-
tropy-driven catalysis!'”! have been employed widely for the
high sensitivity detection of miRNA. Constrained by the
detection limit and selectivity, none of these methods have
been adopted for clinical use for exosomal miRNA
detection without enzymatic target amplification. Therefore,
there is an unmet need to develop an ultrasensitive and
highly selective diagnostic approach without enzymatic
amplification to effectively detect and quantify exosomal
miRNAs.

Recently, our group developed a technique -called
Photonic Resonator Absorption Microscopy (PRAM) that
can visualize individual gold nanoparticle (AuNPs) tags on a
photonic crystal (PC) surface through resonance coupling.'®
As described in prior publications,"®') the detection
principle of PRAM utilizes the resonant PC reflection at a
wavelength of A=625nm to provide a high reflected
intensity from collimated low intensity LED illumination of
the same wavelength into a webcam-variety image sensor.
The AuNPs are strategically selected to provide strong
absorption by localized surface plasmon resonance at the
same wavelength.”! Thus, each surface-bound AuNP regis-
ters in the PC reflected image as a location with reduced
intensity, compared to the surrounding regions without
AuNPs. By immobilizing target-activated AuNP probes on a
PC surface, PRAM has been used to quantify nucleic acids
and proteins with single-particle resolution.'”®* As proof-of-
concept studies for sensing miRNA, previous work focused
on detecting chemically synthetic miRNAs, in which each
detected miRNA molecule was associated with one AuNP
tag'®¥ and lacked an amplification mechanism that could
further reduce detection limits, as the target miRNA
molecule is consumed by the detection process. To address
this issue, we employ DNA-fueled molecular machines,
including a series of toehold-mediated DNA strand displace-
ment reactions (SDRs) involving target recycling®! as
versatile tools for building switchable nanodevices,”” con-
trolled  nanoparticle  assembly,”  mediated gene
expression,” and programmed DNA computation.™ In this
work, we demonstrate substantial (>400 folds) reduction of
miRNA detection limits into sub-attomolar concentrations
(0.24 aM) while decreasing the assay time to 20 minutes
using PRAM detection in conjunction with target recycling
by a DNA-fueled molecular machine. This assay is a single
step, room temperature, one-pot reaction that requires only
inexpensive synthetic nucleic acids and a single sample can
be tested for less than five dollars. The TRAP method is
also capable of multiplexing, with very low sample volume
requirements (<20 uL) and has potential for applications in
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frequent patient monitoring. Additionally, this assay has
been applied to the detection of biological exosomal
miRNAs and results have been validated with qRT-PCR.

Results and Discussion

To demonstrate our TRAP method for miRNA detection,
we choose a miRNA relevant to prostate cancer, miR-375 as
the initial target.”! The miRNAs can be extracted from
exosomes isolated from cell culture media (Scheme la) and
the PC surface is prepared with an immobilized capture
DNA (yellow) through a silanization process and then
pretreated with a linker-protector complex consisting of a
protector DNA (blue) and a linker DNA (green) that can
link the capture DNA and protector DNAs through hybrid-
izing both capture and protector DNAs. An important
component of the linker-protector complex design is to
leave free unhybridized regions at both 5" and 3’ ends of the
linker strand, resulting in toehold-1 and toehold-2, miRNA
and probe DNA binding, respectively. All solutions are
added to a reservoir made of Polydimethylsiloxane (PDMS)
attached to the PC surface. Once the exosomal extraction
samples are added into reaction wells, the miRNA target
(red) binds to the free toehold-1 region on the linker strand
(green) and replaces the protector strands (blue) through a
DNA strand displacement reaction. Such a displacement of
the protector strand by the miRNA target resulted in
exposing the terminal segment (toehold-2) of the linker
strand, which allows the probe DNA (pink) conjugated to
AuNPs to invade the toehold-2 on linker strand and release
the target miRNA with a second DNA strand displacement
reaction. The tethered AuNPs can then be subsequently
imaged by the reduction of reflected light intensity from the
PC surface (Scheme 1a, 1b, 1c and Figure S1, S2) in each
location where an AuNP has bound. In our platform, the
bound AuNPs on the surface can be enumerated using an
automated image processing algorithm that identifies image
pixels with reduced reflected intensity compared to the
background, which is completed using a MATLAB script.
Since the released target miRNA can then bind additional
AuNPs, a Target Recycling Amplification Process (TRAP)
was achieved by this design on the PRAM system, resulting
in an increased nanoparticle binding and amplified signal.

To investigate the coupling behavior of the AuNPs with
the PC, we performed a finite element method (FEM)
simulation to investigate the near-field intensity distribution
of the PC bound AuNP. As shown in Figure S2a, ~10* field
enhancement at the AuNP sharp tip features leads to
enhanced absorption on the AuNP, which is consistent with
previous results.™ The optical absorption of PC-coupled
AuNPs was further analyzed by measuring the PC resonant
reflected spectrum (Figure S2b, S2c). AuNP binding results
in a localized quenching of the PC reflection intensity Al/l
of approximately 12 %, which is used as the contrast
mechanism for image-based detection of single PC-attached
nanoparticles.?"!

To achieve ultrasensitive limits of detection using the
TRAP system, it is necessary to minimize non-specific
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Scheme 1. Schematic of miRNA detection workflow. (a) Extracted exosomal miRNAs are placed in a PDMS reservoir applied to the PC surface
along with probes linked to AuNPs. (b) TRAP for digital resolution detection of miRNAs on a PC biosensor surface in which target miRNA
displaces a protector strand on the PC-immobilized capture molecule to reveal a linker sequence by a strand displacement reaction. (c) DNA linker
is pre-annealed with a partially complementary protector and hybridizes with DNA capture. In the presence the target miRNA, linker-protectors are
“activated” through displacement of the protector, resulting in the exposure of an additional DNA linker sequence (toehold-2). Next, the probe
sequence attached to the AuNP displaces the miRNA target from the capture molecule to simultaneously bind the AuNP to the PC surface, thus
releasing the miRNA and making it available for another reaction. The PC-captured AuNPs are resolvable at single-particle resolution with high
contrast through the synergistic coupling between the LSPR of AuNPs and the PC resonance.

AuNP binding and to demonstrate enhanced target-trig-
gered signaling. In our TRAP design (Scheme 1), toehold-1
participates in the target miRNA-triggered strand displace-
ment reaction, while toehold-2 allows for invasion of the
probe-functionalized AuNP. Toehold-1 was designed with 5
bases according to the principles of nucleic acids involved in
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strand displacement reactions.” Theoretically, a longer
toehold-2 will result in faster kinetics and recycling of the
target miRNAs.”! However, with a constant protector
strand length, the longer toehold-2 will introduce more
uncovered bases on the linker strand terminal and may
cause non-specific binding in the absence of target miRNA.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB017 SUOWILLOD AIERID B|qeotjdde au) Aq pausenob a1e o e O 88N JO'S|NI o Akeiq1T 8Ul|UO A3 UO (SUOIPUOO-PUR-SLLBY WD A3 | 1M Afe.q 1 )BUI UO//SONY) SUORIPUOD PUe swiis | 84} 835 *[£202/20/.0] Uo Ariqiauljuo AB|im ‘ubredureyd eueqin 1y sioul|] 4O AISRAIUN AQ 2€6.T220231Ue/200T OT/I0p/W0o" A3 im Azeiq Ut |uo//Sdny Woly papeo|umoq ‘0 ‘€2LET2ST



GDCh
=

To optimize the design, four sets of linker sequences with
different toehold-2 lengths were investigated. The binding
characteristics of the different linker sequences were first
analyzed with native PAGE (Figure S3). The four linkers
with different sequence options were tested to ensure they
would form stable capture-linker-protector structures and to
test that the capture-linker-probe (C-L-P) complex only in
the presence of the miRNA target. If this C-L-P is present in
the absence of the miRNA target (Lanes 2, 5, 8, and 11), it
would indicate that the length of toehold-2 allows for non-
specific binding. The results for the longest linker sequence
(L4 with a 4-nt initial toehold) suggest that the C-L-P
formed even when no target was present, likely resulting
from non-specific reactivity. In contrast, the shortest linker
sequence (L1 with 1-nt initial toehold) did not form the C-
L-P when the miRNA target was added, indicating that the
target could not remove the protector strand. As shown in
Figure S3, the linker strands (L2 and L3) containing 2 or 3
uncovered bases in the toehold-2 region produced a distinct
C-L-P in the presence of the target but not in the absence of
the target strand produce. To further optimize the effect of
toehold length of the linker strand on results in PRAM
imaging, we analyzed the L2, L3 and L4 with two, three, and
four initial uncovered bases in the toehold-2 region,
respectively. As shown in Figure S4, when the target
miRNA is absent, the longest linker strand results in
exceedingly high background signal that is consistent with
the results from the PAGE experiments in Figure S3.
However, after addition of a 10 pM concentration of target
miRNA, the linker strand with only two initial uncovered
bases on the toehold-2 region showed enhanced signal-to-
noise of 142, which is 120-fold of that the linker with three
free bases tested. Therefore, the design of two free bases for
the initial uncovered linker terminal toehold (L2) was
selected and used in all subsequent experiments. Kinetic
studies showed that after addition of a 1 pM concentration
of target miRNA the particle counts were saturated in
30 minutes (Figure S5).

In TRAP system, the DNA-probe functionalized AuNPs
and PC tethered capture strands are bridged by the linker
strand. Therefore the concentrations of the linker strands
ranging from 0 to 50 pM were evaluated, and the bound
AuNPs on the PC surface were counted (Figure S6). The
captured AuNPs gradually increased from 133 to 491 when
the linker concentrations were increased from 1pM to
20 pM. However, the AuNPs on the PC surface decreased to
294 as the linker concentration was raised to 50 pM. If
excess linker strands are present, both probe DNA and
capture strands can hybridize with linker strands individu-
ally, resulting in fewer probe DNA and capture strands that
are connected by the linker strands. This phenomenon was
also demonstrated in the field of DNA guided gold nano-
particle assembly.’” Therefore, an optimal 20 pM concen-
tration of the linker-protector complex is used in the
following studies, with the protector in two times excess.

To find out the sensitivity of TRAP, we measured the
dose-dependent immobilized AuNPs on the PC surface
under various concentrations of target miRNA-375. In these
experiments, a constant reaction volume of 20 uL solution,
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including target miRNA, the linker-protector complex, and
probe DNA-modified AuNPs, was added into a PDMS
reservoir. Separate wells were used for different concen-
trations of miRNAs ranging from 0.1 aM to 1 pM. Sub-
sequently, the reactions were performed at room temper-
ature and imaged after 10 min and 20 min. We observed an
increased number of AuNPs on PC surface from 32, 82, 276,
to 538 with higher concentrations of miRNA-375 from 0 aM,
1aM, 1fM to 1 pM at 10 min (Figure 1a, additional PRAM
images are shown in Figure S7). A linear calibration curve
was calculated (Figure 1b) between 0.1 aM and 1 pM for
miRNA-375 (R2=0.957) at 10 minutes. With a longer
reaction time of 20 minutes (R2=0.999), the tethered
AuNPs on PC increased by approximately 1.5-fold (Figure 1,
and Figure S7) and the linear relationship between the
particle counts and miRNA-375 concentrations also in-
creases. A 20-minute reaction time provided a higher density
of captured AuNPs, slightly better sensitivity and better
signal-to-noise for miR-375. On this basis, the limit of
detection (LOD), defined as the concentration at a signal
threshold of three standard deviations (3c) above back-
ground noise (3o+blank), is calculated as 0.24 aM for
miRNA-375 at 20 minutes. To demonstrate the robustness
and universality of TRAP nucleic acid design, another target
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Figure 1. Kinetic discrimination of miRNA-375 using TRAP. (a) Dose-
response TRAP images at single particle resolution at 10 mins and

20 mins. (b) Quantification of particle counts as a function of miRNA-
375 concentration for three trials (n=3) with standard error shown.
Blank represents reaction without miRNA target present.
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(n=3). Approximately 6000: 1 selectivity is demonstrated for detection of the target sequence against single base mismatched targets at each

location investigated. (Two-tailed Mann-Whitney t test)

miRNA-21 was investigated and a LOD of 0.356 aM was
observed (Figure S8).

To examine the selectivity of TRAP, five different single
nucleotide variants (SNVs) of miRNA-375, with the mis-
match position at the 1st, Sth, 12th, 18th and 22nd from the
5" end were tested in TRAP. The wild type of miRNA-375
target was tested at concentration of 1fM, while the
mismatched SNVs were tested at 1 pM. The TRAP images
of wild type of miRNA-375 target showed =302 nano-
particles while the mismatched SNVs have a background
signal of 72 nanoparticles or fewer on PC (Figure 2). Even
when the mismatch positions are located away from the
initial toehold, and using a miRNA with a 1000-fold
mismatch (1 pM) of the correct target, the resulting signal is
still less than 25 % of the signal of the correct target at 1 fM.
Therefore, the TRAP system keeps high selectivity at single-
base precision for miRNA detection. The branch migration
reaction of the toehold strand displacement reaction addi-
tionally ensures selectivity, as a single base mismatch causes
a AG" increase of +1.83 to +5.9 kcalmol™'.*’)

The TRAP system can be readily adapted to detect any
miRNA sequence, and by measuring separate sub-volumes
of a test sample in independent wells on the same PC
biosensor, it is possible to perform multiple assays in
parallel. To demonstrate this capability, three DNA strands
were designed and optimized using the same principles and
the feasibility of the DNA probes was confirmed with
PAGE analysis (Figure S9). In the multiplex TRAP assays
(Figure 3a), the same capture strands were used in every
reservoir, and the only differences between the wells are the
1 fM target miRNAs (Figure 3b), nanoparticle probes, and
the specially designed linker-protector complexes. In the
presence of 1 fM miRNAs, elevated counts of nanoparticles
are observed upon the PC surface while the blank controls
(with no target) displayed weak signals. All these results
demonstrate that TRAP is applicable to a variety of miRNA
targets that can be quantified simultaneously. To further
verify the specificity of the TRAP assay, we used various
controls including changing the linker-protector complex
and the miRNAs to test the specificity. As shown in group 3
and group 4 in Figure S10, when using mismatched sensor
sequences, using 1 pM of miRNA or other miRNA mixtures
without the target, we do not observe a positive signal. On
the other hand, in group 5, the use of the correct probe
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Figure 3. Multiplexed miRNA detection was performed in different
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applied to a single PC for simultaneous measurement of three negative
controls and three separate miRNA targets; (b) The sequences of target
miRNAs; (c) PRAM images and (d) particle counts on the PC surface
with or without 1 fM miRNA targets (n=3). (Two-tailed Mann-Whitney
t test)

sequence and the corresponding very low concentration of
target miRNA-21 (1 fM) still produced a significant positive
signal.

MiRNA-375 and miRNA-21 have been identified as
important biomarkers for prostate and breast cancer.!'2%3!
The circulating miRNA-375 is significantly overexpressed in
the blood of metastatic prostate cancer patients (compared
to healthy individuals) and is involved in several processes
affecting tumorigenesis and metastasis.’”? As a proof-of-
concept demonstration of TRAP on cancer diagnosis
through monitoring the miRNAs expression in exosomes,
miRNA-375 and miRNA-21 were chosen as the models.
Total RNAs were first extracted from exosomes of a breast
cancer cell line (MCF-7) and human prostate cancer cell line
(DU145). Then, the extracted samples were used to test
miRNA-375 and miRNA-21 expression in the TRAP system
(Scheme 1). qRT-PCR quantification was simultaneously
performed as a gold standard to validate the accuracy of
TRAP (Figure S11). The detection limits of the TRAP
approach for miRNA-375 and miRNA-21 in buffer are
0.15 copiesuyL.™"  (0.24aM  of miRNA-375)  and
0.21 copiespL™' (0.356 aM of miRNA-21), which are 259-
fold and 372-fold lower than that obtained by qRT-PCR for
the same targets (Figure 4a). Through dilution of the
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expressive level of mMiRNA-375 in MCF-7 cells was defined as 1. The
relative expressive level was compared to miRNA-375 in MCF-7 cells.
(n=3) (calculated by an unpaired, two-tailed t test)

exosomal miRNA extract, dose-responsive curves were
obtained (Figure S12, S13 S14 and S15). The amount of
miRNA-21 in MCF-7 cell-derived exosomes was higher
(2535 times as much) than miRNA-375 and the amount of
exosomal miRNA-21 in DU145 cell-derived exosomes was
much higher (2412 times as much) than that of miRNA-375.
At the same time, the amount of miRNA-375 and miRNA-
21 in DU145 cell-derived exosomes was similar to that in
MCF-7. We compare the miRNA concentration estimated
by TRAP to that estimated using qRT-PCR, using calibra-
tion standards derived from multiple dilutions of the target.
In Figure 4b, the results obtained by the two methods were
consistent, which demonstrates the accuracy, reliability and
practicability of the TRAP method. The detection limit of
TRAP for miRNA-375 and miRNA-21 in cancer cell
exosomes derived from MCF-7 and DU145 cultures are
1.2 copiespL™" (2aM of miRNA-375 and miRNA-21 in
MCF-7 and DU145, respectively), which is 31-fold and 61-
fold lower than that from qRT-PCR, respectively. The
ultralow LOD will enable TRAP to be utilized for monitor-
ing low-abundance miRNA in exosomes, especially for the
down-regulated species encountered in cancer diagnosis. To
demonstrate the feasibility of the TRAP digital sensing in
clinical settings, miRNA-375 target was spiked into crude
human plasma and serum at 1fM target concentration
without any extraction and purification steps. The apparent
positive signal in Figure S16 demonstrates that the TRAP
method can quantify miRNA-375 directly from highly
complex human plasma and serum samples with high
sensitivity, offering the potential for rapid point-of-care
diagnostic testing of freely circulating miRNA biomarkers.

Conclusion

In conclusion, a TRAPmethod was developed using pho-
tonic resonator absorption microscopy, which shows exciting
potential for monitoring exosomal miRNAs with ultra-
sensitivity and single-base mismatch selectivity. The ap-
proach is a single-step, wash-free, enzyme-free, isothermal,
20-minute, room temperature process that can be readily
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adapted toward any miRNA target through different DNA
probe designs. The AuNP-probe complex is designed to be
universally used for all targets. The TRAP method achieves
cancer biomarker miRNA detection with a detection limit of
0.24 aM for miRNA-375 and 0.356 aM of miRNA-21. The
target miRNA concentration can be measured over a broad
range from 1aM to 1 pM with single-base precision. Addi-
tionally, TRAP can perform multiplexed miRNA detection
in a one-batch manner with multiplexing, consistent per-
formance. Compared with traditional qRT-PCR methods,
TRAP showed similar accuracy in profiling exosomal
miRNAs derived from cancer cells, but also exhibited at
least 31-fold and 61-fold enhancement in the limits of
miRNA-375 and miRNA-21 detection, respectively. These
features show promise for early detection of cancer through
monitoring changes in exosomal miRNAs or other circulat-
ing nucleic acid biomarkers and demonstrates a simple
approach compatible with point of care scenarios for
longitudinally measuring therapy effectiveness and monitor-
ing remission.
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the Digital Detection of Exosomal Micro-
RNAs through Photonic Resonator Absorp-
tion Microscopy
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A target recycling amplification process
(TRAP) detection method was developed
using photonic resonator absorption
microscopy, which shows exciting poten-
tial for monitoring exosomal miRNAs
with ultra-sensitivity and single-base
mismatch selectivity. The approach is a
single-step, wash-free, enzyme-free, iso-
thermal, 20-minute, room temperature
process that can be readily adapted
toward any miRNA target through differ-
ent DNA probe designs.
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