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Circulating exosomal microRNA (miR) represents a new class of
blood-based biomarkers for cancer liquid biopsy. The detection of
miR at a very low concentration and with single-base discrimination
without the need for sophisticated equipment, large volumes, or
elaborate sample processing is a challenge. To address this, we
present an approach that is highly specific for a target miR sequence
and has the ability to provide “digital” resolution of individual target
molecules with high signal-to-noise ratio. Gold nanoparticle tags are
prepared with thermodynamically optimized nucleic acid toehold
probes that, when binding to a target miR sequence, displace a
probe-protecting oligonucleotide and reveal a capture sequence that
is used to selectively pull down the target-probe–nanoparticle com-
plex to a photonic crystal (PC) biosensor surface. By matching the
surface plasmon-resonant wavelength of the nanoparticle tag to the
resonant wavelength of the PC nanostructure, the reflected light
intensity from the PC is dramatically and locally quenched by the
presence of each individual nanoparticle, enabling a form of biosen-
sor microscopy that we call Photonic Resonator Absorption Micros-
copy (PRAM). Dynamic PRAM imaging of nanoparticle tag capture
enables direct 100-aM limit of detection and single-base mismatch
selectivity in a 2-h kinetic discrimination assay. The PRAM assay dem-
onstrates that ultrasensitivity (<1 pM) and high selectivity can be
achieved on a direct readout diagnostic.
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The development of rapid and cost-effective diagnostics is
essential for disseminating technologies for clinical applica-

tions in broad point-of-care settings (1). The prominent rise of
liquid-biopsy approaches to establish early disease detection, moni-
toring of treatments, prognostication, and predicting pretreatment
outcomes further emphasizes the need for inexpensive high-
performance assays (2). Among the numerous analytes in blood,
circulating microRNA (miR) is an intriguing biomarker, with several
studies correlating miR amount and variance to a cancer type and
metastatic state (3–6). However, the standard protocol of whole-
blood RNA isolation and purification followed by target identifica-
tion by qRT-PCR is labor-intensive, requires amplification, and can
suffer from sequence biases (7). Alternatively, microarray diagnostics
exhibit low selectivity and limited dynamic range (8), and sequencing
approaches require elaborate sample processing, expensive equip-
ment, long wait times, and bioinformatic expertise, all of which limit
their use. Electrochemical and single-molecule approaches are ca-
pable of ultrasensitive (<1 pM) (9) and amplification-free miR de-
tection with a simple readout (10–12). However, developing a
diagnostic that is ultrasensitive and highly selective is necessary to
effectively discriminate low concentrations of similar-sequence
nucleic acids. Furthermore, a diagnostic assay that does not re-
quire enzymatic amplification, preincubation, or washing is desirable

for point-of-care use. To address these limitations, we report here a
simple biosensor platform for miR detection that is capable of
rapid digital signal accumulation with a wide dynamic range
and highly selective single-base mismatch discrimination using
DNA nanotechnology.
The progress of dynamic DNA nanotechnology has been tre-

mendous, with clinical applications found in DNA hybridization
imaging and diagnostics (13–16). By tuning the probe-target re-
action entropy (ΔS) and enthalpy (ΔH), highly selective nucleic
acid detection is achievable, with single-base discrimination (14,
17–19). Moreover, energetically tuned DNA hybridization probes
can recognize single-base changes under large salinity, temper-
ature, and concentration changes (14).
Whereas DNA probes can be designed to be highly discrimi-

natory toward nucleic acid variants, photonic biosensors can
achieve single-particle resolution by absorption amplification of
bound nanoparticles (20, 21). Therefore, we combined the per-
formance of selective DNA hybridization probes with digitally
precise photonic crystal (PC) biosensors to directly detect target
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miRs with single mismatch discrimination capability and high
concentration sensitivity.

Results
Photonic Resonator Absorption Microscopy for miR Diagnostics. We
report a simple biosensor platform that is capable of rapid digital
signal accumulation and highly selective miR mismatch dis-
crimination. Furthermore, the assay is sensitive and dynamic
enough to detect patient plasma/serum miR, which is normally in
the femtomolar to low picomolar range (22). Following recent
work associating miR-375 and -1290 levels in serum/plasma with
prostate cancer metastasis, aggressiveness, and overall sur-
vival (23–26), we selected these 2 biomarkers as initial targets in
our diagnostic platform. Moreover, miR-375 overexpression
has been shown to induce docetaxel chemo-resistance, indicat-
ing that it may serve as a potential predictive biomarker in
docetaxel-based chemotherapy in castration-resistance prostate
cancer treatment (27). The PC used here is a subwavelength
periodic grating structure which is highly sensitive to the presence
plasmonic nanoparticle surface binding in its evanescent field when
the PC resonance wavelength and the plasmonic nanoparticle res-
onance are matched (SI Appendix, Fig. S1) (28). The miR-specific
DNA probe was stoichiometrically conjugated to a 100-nm-
diameter gold nanoparticle (AuNP) (Fig. 1A and SI Appendix,
Fig. S2), creating an miR plasmonic tag with a localized surface
plasmon-resonance (SPR) wavelength of ∼625 nm, which coincides

with the PC resonant wavelength. Activation of the DNA–AuNP
tag by the miR initiated at a 7-base toehold site (Fig. 1B) and led to
the strand displacement of a probe-protector strand (Fig. 1C) (29).
The loss of the protector DNA exposed an additional probe sequence
that stabilized binding to the surface 10-base PC capture DNA (Fig.
1D). Following target (miR) “activation,” individual (i.e., digital)
AuNP tags were bound (Fig. 1E). Single bound particles dem-
onstrated localized enhanced light absorption, which produced a
measurable shift in the PC resonant wavelength (Fig. 1F). All se-
quences used in this study are contained in SI Appendix, Table S1.
By matching the AuNP SPR to the PC-guided resonance

(PCGR) wavelength, the synergistic coupling between the 2 res-
onators resulted in a drastically enhanced AuNP absorption cross-
section (SI Appendix, Fig. S3) (30, 31). Specifically, the PCGR
efficiently collected incident and particle-scattered light, thereby
providing the AuNP with increased excitation through near-field
coupling. Further, we applied AuNPs with a protruding tip mor-
phology (Fig. 2A), which allowed for improved light harvesting
across the particle surface (32). In contrast to gold nanorods,
which demonstrate orientation-dependent enhancement upon PC
binding (30), the AuNPs used herein demonstrate isotropic en-
hancement. The numerical simulation in Fig. 2B demonstrates the
near-field intensity distribution of the PC–AuNP system with
∼104 field enhancement at the AuNP sharp tip features and is
shown to be sensitive to the incident angle and wavelength (SI
Appendix, Fig. S4). The strong AuNP light absorption resulted in

Fig. 1. Components of the toehold DNA–AuNP and miR detection by PC biosensors. DNA hybridization probes are conjugated to 100-nm diameter AuNPs.
(A) The gold-conjugated DNA probe (green) is bound by a partially complementary protector (blue) preventing binding to the PC sensor (purple/blue
structure). (B–D) miR (red) binds at the probe toehold (B), resulting in strand displacement of the protector and exposing additional probe sequence (C), which
(D) stabilizes probe binding to the PC capture DNA on the biosensor surface (D). The free energy of the activation reaction can be tuned by the protector
(blue) stoichiometry, thus enhancing mismatch selectivity. (E and F) Bound particles (E) can be measured by a shift in the PC resonance wavelength (F). All
images are not to scale. The PRAM assay images the number of surface-captured particles over time (after miR addition).
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an easily measurable, localized reduction in PC reflection intensity
(ΔI) (Fig. 2C). Moreover, the formation of the AuNP–PC hybrid
altered the resonance reflection wavelength (Δλ) due to hybrid
coupling between the SPR and PCGR (Fig. 2C) (20, 30). The
reflection peak wavelength shift (Δλ) was observable for each
surface-attached AuNP (Fig. 2D), thereby allowing for “digital”
AuNP optical quantification and enabling a form of microscopy
we named Photonic Resonator Absorption Microscopy (PRAM;
optical setup is in SI Appendix, Fig. S5).

DNA Probe Design and Energy Tuning. The DNA conjugated to the
AuNP is a toehold probe specific for prostate cancer biomarker
miR. Following recent guidelines in robust probe construction (14),
we designed the reaction free energy (ΔGrxn) between the DNA
probe and the miR target to be approximately zero (ΔGrxn ∼ 0). At
ΔGrxn ∼ 0, the average energetic penalty of a single mismatch is
larger (ΔΔG) than the free-energy gain of the perfect match, thereby
limiting the off-target binding. We used the webtool NUPACK (33)
to design a probe-protector duplex with limited, but still favorable,
hybridization (reaction) free-energy gain to the target miR (SI Ap-
pendix, Table S2). As expected by Le Chatelier’s principle, we added
a stochiometric excess of the protector strand (strand-displacement
product) to further tune the reaction toward ΔGrxn ∼ 0 (34).

miR-375 Detection Using PRAM. The solution components of the
assay are (i) DNA–AuNP, (ii) miR, (iii) excess protector (Po),
(iv) PC-DNA capture, and (v) buffer. We initially tested miR-375
on our platform. The assay was performed by mixing a constant
amount of DNA–AuNP with a defined concentration of miR-375 in
a PC-adhered polydimethylsiloxane well (∼10 μL per well). Im-
mediately following the introduction of mi-375, a 50 × 50-μm2 PC
surface area was scanned at a 30-min interval for up to 2 h (Fig. 3A).
The PC-bound AuNPs were resolvable at single-particle digital
resolution (Fig. 3B). To determine the particle count over time, we
obtained the peak wavelength value (PWV) across all pixels in the

field, followed by a series of image-processing steps, and a final
watershed algorithm quantification step (SI Appendix, Fig. S6). We
selected to process PWV images because the nanoparticles exhibi-
ted sharp features (SI Appendix, Fig. S6B), which is expected be-
cause the wavelength shift is the exclusive result of the formation of
the AuNP–PC hybrid (20). In contrast, peak wavelength value
(PIV) images represent the intensity of reflected light, which can be
affected by the nonuniform illumination from the PC excitation
profile, leading to elongated nanoparticle patterns along 1 di-
mension. Specifically, a nonuniform illumination will move the
center of the Fourier plane toward higher frequencies collected by
the objective, resulting in the observed side-lobe features in the PIV
images (35). The PIV side-lobe features make accurate nanoparticle
recognition and enumeration difficult. Following this, Fig. 3C shows
the quantified PWVAuNP counts over time as a function of serially
diluted miR concentration, with 100 aM and 10 pM representing
the lowest (excluding no miR) and highest concentrations mea-
sured, respectively. We interpreted the increasing count time course
to be the result of the coupled kinetic dependence of the toehold
strand-displacement reaction and the surface capture of the acti-
vated DNA–AuNP on the miR-375 concentration. Unfortunately,
we observed high nanoparticle background (>150) when no miR-
375 was present. We hypothesized that the nonspecific background
was likely due to direct hybridization between unprotected probe
bases and the DNA capture (36). To test this, we added a 5-base
DNA blocker (10 nM) to the DNA–AuNP/miR mixture, which was
designed to bind the 10-base capture strand (36). With the addition
of the DNA blocker, we observed <10 counts of nonspecific
background in the no–miR-375 case, measured at 2 h. Furthermore,
the addition of the DNA blocker did not compromise the ability to
detect low concentrations of miR-375 (SI Appendix, Fig. S7).

Single-Mismatch miR-375 Discrimination. To test for selectivity, we
investigated 5 different single-mismatch variants [single nucleotide
variants (SNVs)] of miR-375, represented by MMx (x = mismatch

Fig. 2. AuNP–PC structure and coupling behavior. (A) SEM image of probe-conjugated AuNPs (100 nm) bound to the PC biosensor. (B) Finite-difference time-domain
simulation of near-field intensity distribution of the AuNP–PC hybrid. (C) Simulated reflectance spectrum of the PC alone (blue) and the AuNP–PC hybrid (red). According
to simulation, hybrid formation results in a reflectance peak wavelength shift (Δλ) to 628 nm from 625 nm and a reflectance peak intensity drop (ΔI). (D) The ex-
perimental 2D gray-scale PRAM image (Upper Left) is represented in the 3D contour plot (Lower Right), demonstrating the individual AuNP peak wavelength shifts.
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position counted from 5′ end; SI Appendix, Table S1) in the
PRAM assay. Fig. 4A demonstrates that all 5 SNVs resulted in
a dramatic decrease in particle count over time, with a range
of ∼83–94% signal reduction at 2 h (Fig. 4B). The complete
time-course SNV image panel is shown in SI Appendix, Fig. S8.
MM1 (U > C) demonstrated the highest count, which we
interpreted to be the result of the low terminal mismatch
penalty. Therefore, irrespective of the first-base penalty, strand
displacement was driven forward by the nucleation to the
remaining 6 bases of downstream toehold. Additionally, we
observed less than 60 AuNP counts at the 2-h scan for all SNVs
tested, which was less than the background (no miR) count of
∼175 counts presented in Fig. 3B. This may hint that the SNVs
nonspecifically bind to the PC capture, the AuNP surface, or
conjugated probe. In either case, this would present a kinetic
barrier to stable AuNP surface binding, thereby lowering the
observed count.
Although an ∼83% reduction is acceptable, we investigated if

we could further increase the binding discrimination between
miR-375 (perfect match) and MM1. To do so, we used a pre-
viously developed method of stoichiometric protector tuning to
improve the reaction yield between the mismatch and perfect
match (34). With a known mismatch ΔΔG (calculated by
NUPACK), optimal perfect match versus mismatch discrimination
occurs at a perfect match ΔGrxn ∼ −1

2ΔΔG. Following this, we
calculated the optimal protector stoichiometry (SI Appendix, Ta-
ble S3) for MM1 discrimination. Fig. 4C demonstrates the im-
proved PM discrimination from ∼5.6- to ∼6.7-fold above MM1,
using the protector stoichiometric tuning approach. The tuned
protector stoichiometry was lower than the stoichiometry used
in the ΔGrxn ∼ 0 strategy (Fig. 4B), thereby making both the
perfect and mismatch reactions more favorable, as seen by the

count increase in both target cases (Fig. 4C). To this end,
the tuned perfect-match case resulted in AuNP–PC-surface
saturation in 2 h, thereby limiting the discrimination ratio
improvement.
To test the binding stringency of DNA–AuNP for miR-375, we

measured a serially decreasing concentration (100 aM, 1 fM, and
10 fM) of miR-375 in a relatively high concentration (1 pM) of
mismatch (MM5 was used here). Regardless of the relatively high
mismatch background, we observed increasing AuNP counts as a
function of increasing miR-375 frequency and assay time (SI Ap-
pendix, Fig. S9), with a maximum difference occurring at 2 h (Fig.
5A). The average total count across time for each was lower than the
data in Fig. 3 by ∼50% (Fig. 5B). Again, this implies that the mis-
match miR alters the perfect match (miR-375) kinetics by non-
specific binding. In addition to potential nonspecific binding of the
capture oligonucleotide, the mismatch miR may transiently occupy
the toehold site. However, as evidenced by the increase in counts as
the miR concentration increased, spuriously bound miRs are
expected to be driven off by mismatch destabilization and cognately
bind miR-375. To further challenge the assay, we tested “spiked-in”
miR-375 detection in a total RNA from healthy donor plasma. In
brief, we added a defined concentration of synthetic miR-375 into a
salt-buffered 100 pg/μL total RNA with stochiometric tuned DNA–
AuNPs (ΔGrxn ∼ 0 for miR-375) and scanned the PC biosensor at a
30-min interval for up to 2 h (SI Appendix, Fig. S10). An increasing
number of AuNP counts over time (Fig. 5C) was observed for miR-
375 additions of 1, 10, and 100 fM in the total RNA background
(Fig. 5D). In the absence of miR-375, negligible counts (<5)
were measured in the total RNA solution. Nevertheless, there was
a drastic reduction in the particle count across all concentra-
tions tested, which was likely due to greater nonspecific binding in
the ∼105 more dense total RNA background compared to the 1-pM

Fig. 3. Kinetic discrimination of miR-375 concentration using PRAM. (A) Peak wavelength gray-scale image panel demonstrates digital resolution of activated
AuNPs as a function of miR-375 concentration (columns) over time (rows). Background (first column) scans represent the no–miR-375 control. (B) Ex-
panded single tile from A (dashed tile) with added identifiers (yellow arrows) of representative single AuNPs. (C) Quantification of particle count as a
function of miR-375 concentration at 2 h. Blank represents the no–miR-375 control. Each data point represents the average of 3 independent experi-
ments. Error bars represent SEs.
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mismatch (MM5) background demonstrated in Fig. 5B. To this end,
the incorporation of a DNA-based signal amplifier (37) or magnetic
particle DNA probes (11) into the overall PC assay design may aid in
future detection without compromising short readout time or in-
troducing unnecessary system complexity.

miR-1290 Detection Using PRAM. To explore the generality of the
PRAM assay, we designed an additional probe for miR-1290, using
the above strategy of stochiometric addition of an auxiliary protector
probe to drive the free energy of reaction to zero (ΔGrxn ∼ 0) (SI
Appendix, Table S4). Motivated by the effectiveness of the miR-375

Fig. 4. Single-mismatch miR-375 discrimination. (A) Peak wavelength gray-scale image panel demonstrates particle count of miR-375 (first column) versus 5
different SNVs (columns) over time (rows). The mismatch placements in the sequence are representatively shown above (black stars). SNV mismatch location is
given by the nucleotide (nt) position from the 5′ end. (B) AuNP count quantification of miR-375 and the SNV cases. (C) Considering the ΔΔG between the
perfect match (miR-375) and MM1, we calculated the necessary protector stoichiometry to optimize mismatch discrimination from ∼5.6- to ∼6.7-fold. Each
data point in B and C represents the average of 3 independent experiments. Error bars represent SEs.

Fig. 5. miR-375 detection in a high-concentration
mismatch background. (A) Variable concentration of
miR-375 (columns) is added to a 1-pM mismatch (MM5

was used for all tests) solution and scanned over time
(rows). The first column represents mismatch alone (no
miR-375). (B) Particle-count quantification is shown as a
function of miR-375 concentration frequency ([miR-
375]/[MM5]). (C) Spiked concentrations of miR-375
within a total RNA background from healthy donor
plasma are scanned over time. (D) Particle count is
shown for 3 miR-375 concentrations and a no–miR-375
control. Each data point represents the average of 3
independent experiments. Error bars represent SEs.

19366 | www.pnas.org/cgi/doi/10.1073/pnas.1904770116 Canady et al.
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DNA blocker in minimizing nonspecific binding, we applied a 5-base
DNA blocker for all experiments involved in miR-1290 detection.
Following the exact assay procedure as for miR-375 given above, we
challenged our assay to detect miR-1290 at 100 aM, 10 fM, and
1 pM (including a no-target control). At the 2-h endpoint, we
observed a concentration-dependent increase in particle count (SI
Appendix, Fig. S11). In addition, we observed nearly zero background
in the no-target control, likely due to the DNA blocker preventing
nontarget activated particle binding. Lastly, we tested the probe se-
lectivity by introducing a single mismatch at the 12th position (A>U)
of miR-1290. With a single mismatch miR-1290 incubated at 1 pM,
we observed an average of ∼15 counts at the 2-h endpoint, which was
significantly less than the >450 counts generated by the 1 pM miR-
1290 perfect match at same time point (SI Appendix, Fig. S11).

Conclusions
We have demonstrated that by integrating principled DNA
nanotechnology with PC biosensors, highly selective and sensitive
diagnostics is achievable, where each miR target molecule translates
into a digitally observable nanoparticle attachment to the PC, via 2
highly specific biomolecular recognition events. The assay was
conducted at room temperature, without any target amplification or
wash steps. Single mismatches can be located across the candidate
miR when using a DNA probe/protector system that is free-energy

tuned. The digital-resolution capability of the PRAM biosensor
microscopy allows for direct, dynamic, rapid, and clinically relevant
subfemtomolar signal accumulation and miR detection. Given the
simplicity of assay and the commercial availability (with low cost) of
the reagents involved, we expect that the PRAM method can be
applied to detect DNA, proteins, and small molecules as well. As a
step toward this, we demonstrated ultrasensitive miR detection in a
complex total RNA background. Lastly, through the PC-mediated
enhanced absorption, we achieved digital detection of AuNPs,
which we expect can be implemented in a low-cost and portable
point-of-care device.

Materials and Methods
The materials and methods used in this study are described in detail in SI Ap-
pendix, SI Materials and Methods. We included information on PC fabrication
and capture DNA functionalization, nucleic acid sequence, AuNP probe prepa-
ration, biosensor functionalization, image analysis, and RNA plasma extraction.
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