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ABSTRACT: Multiplexed real-time analysis on multiple
interacting molecules and particles is needed to obtain
information on binding patterns between multiple ligands and
receptors, specificity of bond formations, and interacting pairs in
a complex medium, often found in chemical and biological
systems, and difference in binding affinity and kinetics for
different binding pairs in one solution. In particular, multiplexed
profiling of microRNA (miRNA) in a reliable, quantitative
manner is of great demand for the use of miRNA in cell biology,
biosensing, and clinical diagnostic applications, and accurate
diagnosis of cancers with miRNA is not possible without
detecting multiple miRNA sequences in a highly specific
manner. Here, we report a multiplexed molecular detection

Optical Encoding

‘-;#’
1

d .'.»ﬁ Lt
= ek & 2.5
e A
ol .

Multiplexed miRNA profiling
with optokinetic nanoprobes

strategy with optokinetically (OK) coded nanoprobes (NPs) that show high photostability, distinct optical signals, and dynamic
behaviors on a supported lipid bilayer (SLB) (OK-NLB assay). Metal NPs with three distinct dark-field light scattering signals
[red (R), green (G), and blue (B)] and three different target miRNA half-complements were tethered to a two dimensionally
fluidic SLB with mobile (M) or immobile (I) state. In situ single-particle monitoring and normalized RGB analysis of the
optokinetically combinatorial assemblies among three M-NPs and three I-NPs with dark-field microscopy (DFM) allow for
differentiating and quantifying 9 different miRNA targets in one sample. The OK-NP-based assay enables simultaneous detection
of multiple miRNA targets in a highly quantitative, specific manner within 1 h and can be potentially used for diagnosis of
different cancer types. We validated the OK-NLB assay with single-base mismatched experiments and HeLa cell-extracted total
RNA samples by comparing the assay results to the quantitative reverse transcription polymerase chain reaction (QRT-PCR)

results.

B INTRODUCTION

Multiparallel reactions among a variety of reactants are
common phenomena in chemical and biological systems.'
Simultaneous interpretation of multiple interactions from
complex reaction mixtures offers important chemical or
biological information including binding affinity and nature,
reaction mechanisms, reaction and binding specificity, bio-
diagnostics, and rapid screening in biological sensing.4 It is,
however, challenging to distinguish multiple interactions in a
single reaction mixture due to the lack of tools for obtaining
reliable information on complex binding events and their
kinetic information with multiple (or multiplexed) readouts.’

MicroRNAs (miRNAs) are small (~22-nt), single stranded,
noncoding RNAs. miRNAs act as post-transcriptional gene
regulators and have emerged as potential diagnostic and
prognostic biomarkers for human diseases including cancers
and neurodegenerative diseases.”® The capability to identify
and quantify multiple miRNA species is critical in translating
miRNA sequences into useful information and is highly
beneficial for improving the accuracy, precision, and specificity
of cliagnosis.9 Accurate quantification of miRNA is, however,
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difficult due to its intrinsically short length and instability."’
Although the quantitative reverse transcription polymerase
chain reaction (qRT-PCR) offers high sensitivity and
specificity, it requires poly-A tail or specially designed primer
in cDNA formation and error-prone enzymatic amplification
and is relatively low-throughput.'' Microarrays are high-
throughput, but they use fluorescence-based quantification
that provides only relative expression values.'' Recently,
researchers have developed nanostructure-based miRNA
detection methods that use biobarcode amplification,'* nano-
pores,”> gold nanoparticles,'* scanometric arrays,"® silicon
nanowires, '° graphene oxide,"” and quantum dots."® However,
previously reported nanostructure-based assays have limited
multiplexing and quantification capabilities, and the assay time
is typically well over 1 h with complicated multiple reaction
steps and setups. Further, fluorescence-based methods
including PCR and microarrays have limitations in photo-
stability and multiplexing capability of fluorophore probes.
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Figure 1. Optokinetically encoded nanoprobe (OK-NP)-tethered supported lipid bilayer (SLB) assay (OK-NLB assay). (a) The miRNA sample is
directly injected into a reaction chamber, and NP interactions are monitored with dark-field microscopy (DFM). Six types of OK-NPs are prepared
by kinetic [mobile (M) and immobile (I)] and optical [red (R), green (G), and blue (B)] coding methods. OK-NPs are composed of plasmonic
nanoparticle core, multiple target capture DNAs, and biotinylated DNA. The NP assembly events between the M-NPs and the I-NPs are mediated
by target miRNAs and identified with scattering color changes via plasmonic coupling. The nineplexing strategy using combinatorial assemblies
between OK-NPs relies on each assembly mode, which was mediated by 9 different target miRNAs (bottom right). (b) Nine different scattering
signal changes due to combinatorial plasmonic couplings induced by M-NPs binding to I-NPs. (c) Nine NP assembly reaction equations are
described as multicomponent association reactions. (d) DFM images of DF scattering signals from individual OK-NPs on SLB. (d) (i) OK-NP
identification by particle color and mobility. White and orange solid triangles indicate I-NPs and M-NPs, respectively. (ii) Multiplexed combinations
of OK-NP assemblies reveal the target miRNA-induced particle assemblies in highly parallel manner (white dashed circles). The scale bar is 2 ym.

Therefore, it remains challenging to develop a miRNA supported lipid bilayer (SLB) (Figure 1). The nanoprobes

identification and quantification method that meets both (NPs) here are coded optically (combinatorial plasmonic
speed and multiplexed detection requirements. couplings) and kinetically (particle mobility) to generate highly
Here, we developed an optokinetically encoded plasmonic multiplexed detection of targets (Figure 1). In DNA design,
nanoprobe-based multiplexing strategy, and this strategy was first, three different oligonucleotide sequences for detecting
used for miRNA profiling to identify and quantify 9 different three different miRNA sequences and biotinylated DNA for
miRNA species simultaneously on two-dimensional (2D) tethering NPs to biotinylated SLB via streptavidins were
3559 DOI: 10.1021/jacs.7b01311
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modified to each NP. The number of modified biotinylated
DNA strands per particle determines the mobility of probes for
the kinetic coding (low biotin valency, mobile (M) probes; high
biotin valency, immobile (I) probes)."” For the optical coding,
three different plasmonic nanostructures with distinctively
different light scattering spectra [red (R), green (G), and
blue (B) color-scattering nanostructures] were used (Figure
lab). Six types of optokinetically encoded NPs (MR-, MG-,
MB-, IR,, IG-, and IB-NPs) were identified at single-particle
level by real-time monitoring of their distinct scattering signals
using dark-field microscopy (DFM). DNA sequences were
modified to NP in a way that mobile NPs interact only with
immobile NPs while M-NPs (or I-NPs) do not interact with
other M-NPs (or I-NPs). It should be noted that target
capturing induces assemblies of NPs and plasmonic coupling
between NPs. The plasmonic coupling between different
nanostructures generates unique scattering signal change,
which is detectable and identifiable by DFM in a highly
parallel manner (Figure 1b,d). Colorimetric signal change due
to plasmonic coupling at the single nanoparticle-level was
quantitatively analyzed with RGB color profiling method.

With this optokinetic (OK) coding strategy and highly
photostable DFM-based single-particle analysis method on
distinct plasmonic coupling, 9 different interactions between
NPs induced by 9 different targets can be clearly distinguishable
and detected on 2D SLB. Based on these designs and
principles, we developed the OK-NP-tethered SLB (OK-
NLB) assay. These nine NP assembly reactions were
quantitatively analyzed as analogues of multicomponent
association reactions (Figure 1c). Target miRNA sequences
were selected based on the previous reports showing their
abnormal expression patterns in multiple cancers.”’ > In
principle, one can potentially differentiate and diagnose
prostate, breast, and lung cancers by identifying these 9
miRNA targets in one sample. The OK-NLB assay was further
validated with HeLa cell-extracted total RNA samples for 9
different RNA sequences, and the results were compared to the
qRT-PCR.

B EXPERIMENTAL SECTION

Preparation of Small Unilamellar Vesicles (SUVs). The SLBs
were formed on the lower cover glass by SUV vesicle fusion. The lipid
in chloroform solution was mixed to have 97.2 mol %
dioleoylphosphatidylcholine (DOPC), 0.3 mol % biotinylated
dioleoylphosphatidylethanolamine (DOPE), and 2.5 mol % 1k
poly(ethylene glycol)~DOPE. The lipid mixture was evaporated
with a rotary evaporator, and the lipid film was thoroughly dried under
a stream of nitrogen. The dried mixture was resuspended in deionized
(DI) water and followed by three repetitive freeze—thaw cycles. The
total lipid concentration was 2 mg/mL. The solution was extruded 31
times through a polycarbonate membrane with 100 nm pores at 25 °C.
The SUV solution was kept at 4 °C until use.

Synthesis of Plasmonic Nanoparticles. Gold nanorods with an
aspect ratio value of 4 were synthesized for red NPs by a seed-
mediated growth mechanism. The seed was prepared by mixing 5 mL
of 0.5 mM HAuCl,-3H,0O solution with § mL of 02 M
cetyltrimethylammonium bromide (CTAB), followed by rapid
injection of 600 uL of ice-cooled 0.01 M NaBH, solution. The seed
solution was kept for 2 h after the reducing step. A S mL aliquot of 0.5
mM HAuCl,-3H,0 solution was mixed with § mL of 0.2 M CTAB
solution, and 250 4L of 4 mM AgNOj solution was added, followed by
70 uL of 78 mM ascorbic acid solution. Seed solution (12 uL) was
added and gently mixed. The solution was incubated for 4 h. To
enhance scattering intensity, we coated the gold nanorods with thin
silver shells. Gold nanorods (1 mL, 100 nM) were mixed with
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cetyltrimethylammonium chloride (1 mL, 10 mM), AgNO; (1 mL, 0.2
mM), and ascorbic acid (1 mL, 50 mM). After 4 h incubation, the
solution was washed three times by centrifugation, supernatant
removal, and redispersion in DI water. Spherical gold nanoparticles
(50 nm) were purchased from BBI Solutions (Cardiff, UK) for
nanoparticles scattering green light. To synthesize nanoparticles
scattering blue light, we formed 20 nm silver shells on 20 nm gold
seed. Two hundred microliters of mixture was prepared to obtain 150
pM of 20 nm gold nanoparticle (BBI Solutions, Cardiff, UK), 0.2%
polyvinylpyrrolidone (PVP), and 0.25 mM AgNOj;. Sodium ascorbate
solution (100 xL, SO mM) was rapidly injected into the mixture to
form a silver shell, and the color turned yellow immediately. This
solution was directly used for DNA modification for particle stability.
The TEM images are obtained using JEM-2100 (JEOL) systems at the
National Center for Inter-University Research Facilities (NCIRF),
Korea.

Preparation of OK-NPs. Synthetic thiolated oligonucleotides
(Bioneer, Daejeon, Korea) were reduced by incubation with 100 mM
dithiothreitol (DTT) in 100 mM phosphate buffer (PB) solution for 1
h and separated with an NAP-S column (GE Healthcare,
Buckinghamshire, U.K.). For detailed sequences of thiolated
oligonucleotides attached on each OK-NP, see Table S3. The mixture
of thiolated strands at a concentration of 4 yuM were incubated with 50
pM plasmonic nanoparticles for 2 h at room temperature. The ratio of
biotinylated strands to target capturing strands are 1%, 0.1%, 0.5%, and
30% for MR-NP, MG-NP, MB-NP, and I-NP, respectively. The
solution was adjusted to 10 mM PB and 0.1% (w/v) sodium dodecyl
sulfate. Three aliquots of 1 M NaCl and 0.01% sodium dodecyl sulfate
(SDS) solution were added with 1 h interval between each addition to
achieve a final concentration of 0.3 M. The mixture was heated at 55
°C for 10 min after each salt addition. The mixture was incubated
overnight at room temperature. The suspension was washed by
centrifugation, the supernatant removal, and particle redispersion in 10
mM PB solution three times.

Reaction Chamber Preparation. SLBs were formed inside a glass
flow chamber, consisting of a top and bottom glass and a thermoplastic
spacer. The top slide glass was drilled to form inlet and outlet holes
and passivated with 10 mg/mL bovine serum albumin solution to
block SLB formation. The bottom cover glass was sonicated for 10
min in chloroform, acetone, and DI water. After sonication, the
bottom glass was cleaned with 1 M NaOH for 1 h and thoroughly
washed with DI water. The top and the bottom glasses were assembled
with a sandwiched thermoplastic spacer by heating at 120 °C on a
digital hot plate. The SUV solution was prepared to have 1 mg/mL of
SUV, 75 mM of NaCl, and 10 mM of phosphate buffer. The solution
was introduced into the flow chamber for 40 min to form SLBs. The
volume of the flow chamber was 9 uL. Streptavidin (10 nM) in 150
mM NaCl phosphate buffered saline (PBS, 10 mM phosphate buffer,
pH 7.5) was injected to the flow cell to bind to the biotinylated lipid
for 1 h. The flow cell was washed with 150 mM NaCl PBS twice at
each step. NPs (1—10 pM) were reacted for 10 min to have optimized
density of ~700 NPs/14400 ,umz for each M-NP and ~1200 NPs/
14400 pm? for each I-NP. The buffer was exchanged to 225 mM NaCl
PBS for assay conditions.

Cell Culture. HeLa (human epithelial carcinoma line; ATCC,
Num. CCL-2) cells were purchased from the Korean Cell Line Bank
(Seoul, Korea). The cells were cultured in RPMI medium (Gibco,
USA) containing 10% fetal bovine serum, 100 U/mL penicillin, and
100 pg/mL streptomycin (Gibco, USA). The cell line was incubated at
37 °C with 5% CO, in a humidified incubator.

Total RNA Extraction from Hela Cells. We used the Qiagen
miRNeasy miRNA extraction kit (Hilden, Germany), which isolates
total RNA (>18 nucleotides) through phenol/guanidine-based lysis of
samples and silica membrane-based purification. Eighty percent of
confluent cells grown in a monolayer in 75 cm? flask were trypsinized
and transferred to a clean 2 mL microcentrifuge tube. After
centrifugation at 300 X g for S min, the cells were collected as a cell
pellet, and the supernatant was completely aspirated. The cell pellet
was mixed with 700 uL of QIAzol lysis reagent, homogenized by
vortexing, incubated for S min at room temperature, and subsequently
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Figure 2. Photostable plasmonic NPs and DFM-based identification of the types of OK-NPs. (a) The extinction spectra of three optically encoded
NPs. (b) DFM images (top) and transmission electron microscopy images (bottom) of R-NPs, G-NPs, and B-NPs (from left to right). The scale
bars are 10 ym (DFM) and SO nm (TEM). (c) A large area DFM image of the OK-NPs on SLB. (d) Representative diffusion trajectories and (e)
mean square displacement plot of OK-NPs. The NPs with two kinetic states (M-NPs and I-NPs) show clear distinction in diffusion. (f) Averaged red
(red square), green (green circle), and blue (blue triangle) scattering intensity of each I-NP under continuous dark-field illumination for 60 min. The
images were taken every 1 min, and error bars are standard deviation from 20 NPs.

mixed with 140 uL of chloroform. The organic and aqueous phases
were separated by centrifugation for 15 min at 12 000 X g at 4 °C. The
aqueous phase containing the RNA was carefully transferred to a new
collection tube and mixed with 1.5 volumes of 100% ethanol. The
mixture was loaded into an RNeasy Mini spin column and washed
several times at 8100 X g. The RNeasy Mini column was transferred to
a clean 1.5 mL collection tube, and RNA was eluted by addition of 50
uL of RNase-free water. The total RNA concentration was 120 ng/uL
with Ayg/As50 = ~2. The cell extract was kept frozen until use.

Real-Time Monitoring of Combinatorial Assembly between
OK-NPs and OK-NLB Assays. The movement and combinatorial
assembly between OK-NPs on SLBs were observed with DF
microscope (Axiovert 200M, Carl Zeiss, Germany) with 40X objective
lens (NA = 0.6) and AxiCam HR color camera. To characterize
association of OK-NPs and to obtain a calibration curve, synthetic
miRNAs were purchased from Bioneer (Daejeon, Korea) (Table S3).
Known concentrations of miRNA targets in 225 mM NaCl PBS were
injected into the reaction chamber. The negative control sample
contains 300 pM of miR-100. The NP binding events were monitored
with DFM. Snapshot images were taken at 10 min intervals for 1 h,
and the assembly events in a 120 X 120 um? area were counted. It
should be noted that the calibration curves for detection targets of
interest need to be calculated only one time, and the preobtained
calibration curves can be used for actual assays. For the HeLa cell
assay, cell extracts were diluted to a final concentration of 600 ng/uL
in 225 mM NaCl PBS and injected into the reaction cell. Three
replicate samples were analyzed. The images were analyzed using
Image] software (https://imagej.nih.gov/ij/).

gRT-PCR Analysis. The qRT-PCR analysis of cell extracts was
performed using Geno-Total RNA kit (Genolution, Seoul, Korea).
cDNA was synthesized from total RNA sample with the Mir-X kit
(Clontech). A SYBR Green-based qRT-PCR reaction was conducted
with the real-time PCR system (Bio-Rad CFX) using Geno-qPCR kit
no. RD1101 (Genolution, Seoul, Korea). PCR was carried out with
initial denaturation at 95 °C for 2 min, followed by 40 cycles of 95 °C
for S 's and 60 °C for 20 s. Relative expressions of each miRNA to U6
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snRNA as an internal control were calculated by the 27T method.

The reactions were run in duplicate to obtain standard deviations.

B RESULTS AND DISCUSSION

In a typical experiment, we prepared DNA-modified nano-
particles and tethered these particles to SLBs. Three target
capture DNA sequences that are half-complementary to target
miRNA, were modified onto each OK-NPs (Figure 1 and Table
S3). For distinct optical encoding, we prepared three types of
plasmonic nanoparticles that scatter red, green, and blue light
by varying size, shape, and composition to yield desirable
optical properties. Gold nanorods with a silver shell (~46 nm
in longer axis and ~13 nm in shorter axis with ~5 nm shell),
gold nanospheres (~47 nm in diameter), and silver nano-
spheres on gold seeds (~19 nm core and ~37 in diameter)
were synthesized and used as R-NPs, G-NPs, and B-NPs,
respectively. The DFM images showed red, green, and blue
scattering signals from the nanoparticles, and R-NPs, G-NPs,
and B-NPs showed distinct localized surface plasmon resonance
at different wavelengths in the extinction spectra (Figures 2a,b).
Because of their distinct optical properties, we can individually
identify R-, G-, and B-NPs from a mixture of densely tethered
NPs on SLBs (Figure 2c). The NPs were kinetically encoded
on the SLB by controlling the ratio of biotinylated (tethering
group to streptavidin) DNA to target-capturing DNA on the
nanoparticle surface. Biotinylated DNA can be bound to the
biotinylated SLB via multivalent streptavidin linkers. The
particles with a low valency were tethered with high mobility,
whereas the particles with a high valency were immobilized by
forming multiple linkages between the particles and the SLB."”
M-NPs showed random 2D Brownian motion confirmed by
linear mean square displacement plot (Figures 2d,e). Nearly
90% of M-NPs were mobile on the SLB (Figure Sla). The
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Figure 3. Multiplexable and parallel identification of the interaction between OK-NPs by combinatorial plasmonic coupling. (a) Real-time
monitoring of combinatorial assemblies between OK-NPs. OK-NPs were monitored with 10 s interval after addition of 10 nM of 9 target miRNAs.
DFM images of 9 combinations at (i) 0 min and (ii) 20 min (Videos S1—9). The bindings of M-NPs to I-NPs result in distinct color and signal
intensity change. (iii) The RGB intensity profiles show characteristic patterns for the binding of MR-, MG-, and MB-NPs. The binding events are
indicated with orange triangles. (b) Parallel observation of the individual binding events (white dashed circle) between I-NPs (white triangle) and
MR- (red arrow), MG- (green arrow), and MB-NPs (blue arrow) (Video S10). The scale bar is 1 ym.

lipid-tethered NPs occasionally exhibited a confined behavior
and hop diffusion when observed for a prolonged period (>10
min), mainly because of incomplete homogeneity in lipid
substrates.”® Particle diffusion in fluids is explained by the
Stokes—Einstein equation, which describes that hydrodynamic
radius is inversely proportional to diffusion coefficients in 3D
Brownian motion. Interestingly, the average diffusion coef-
ficients of MR-, MG-, and MB-NPs were 0.362 + 0.227, 0.383
+ 0.203, and 0.379 =+ 0.202 um?/s, respectively. These results
indicate that the diffusion of these mobile probes did not
depend on the different hydrodynamic size of the NPs, which
implies that the diffusion of the tethered NPs is mainly driven
by the lateral mobility of lipids, and the kinetic encoding of NPs
is decoupled with optical encoding. We also checked the
photostability of OK-NPs on SLBs under continuous
illumination of dark-field light source for 1 h (Figure 2f).
Significantly, the RGB profiles of scattering intensities of red,
green, and blue probes were well maintained without
photoblinking or photobleaching for the whole observation
period (60 min), indicative of high photostability of the light-
scattering OK-NPs on SLB. Next, we verified that the real-time
monitoring of the six OK-NPs can differentiate 9 different types
of plasmonic coupling signals based on different target miRNA-
induced binding events (Figure 3a and Videos S1—9). Without
target addition, only transient scattering color changing events
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were observed due to temporary nonspecific overlaps between
M-NPs and I-NPs. In the presence of the targets, the miRNAs
were hybridized with half complementary DNA strands on both
M- and I-NPs, confining M-NPs to I-NPs to induce plasmonic
coupling between particles. We interpreted and classified the
types of association events using light-scattering signal changes
in DFM images and RGB intensity profiles of each particle. R-,
G-, and B-NP monomers were represented as distinct red,
green, and blue spots in the DF image with the strongest red,
green, and blue channel intensities, respectively, in RGB
profiles (Figure S1b). Binding of MR-, MG-, and MB-NPs to an
I-NP increased red, green, and blue color intensities,
respectively. Accordingly, the red, green, and blue colors of
R-R, G—G, and B—B homodimers are significantly brighter
than R-, G-, and B-NP monomers. The R—G, G—B, and B—R
heterodimers displayed orange, cyan, and magenta colors. The
binding of a MR-NP to an I-NP only increased red color
intensity with negligible changes in green and blue color
intensities. Assembly with MG-NPs enhanced both red and
green color intensities, whereas assembly with MB-NPs resulted
in distinct change in blue color intensity. A red-shift of color
profile in association among G- and B-NPs was observed as a
result of a plasmonic coupling effect.”* The formations of MG—
IG dimer and MB—IB dimer induced higher R to G and G to B
ratios, respectively, compared to their monomer states. The
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Figure 4. Kinetics and quantification of miRNA binding events. (a) Cumulative binding events for 60 min between MR-NPs and IB-NPs at 100-pM
miRNA with different NP densities on SLB (Table S1). (b) The number of binding events at 60 min is proportional to [M-NP]** and [I-NP]°*. The
orders were fitted to have the largest R value (0.9868) and the smallest standard deviation of normalized binding events. (c) Binding events at 60
(binding events)
[M-NP]*[1-NP]**
The normalized binding events with varying NP densities show similar values with a small standard deviation compared to the standard deviation
without normalization. (d) Normalized binding events of 9 miRNAs at different concentrations. The error bars represent the standard deviations
from three independent experiments. Control experiments contained 300 pM of negative control miRNA (miR-100).

min from different batches were normalized by (normalized binding events) = X 1000 NPs/unit area was set as an internal reference.

above in situ monitoring and color profiling strategy also can number of binding events after 60 min incubation was
identify trimer formation (the addition of a third NP to dimer). proportional to [I-NP]**[M-NP]%, the lowest standard
However, in the case of tetramer formation (addition of the deviation and largest R* value were obtained (Figure 4b).
fourth NP to trimer, which is rare), it was challenging to The logarithm of target concentration showed a linear
differentiate which M-NP was engaged with the trimer, due to behavior with the normalized binding events (Figure S2). By
the complex plasmonic coupling arising from different considering the NP density and target concentration factors, we
geometric configurations. Therefore, we controlled the density can build the reaction kinetics equation for the OK-NP
of I-NPs to be higher than that of M-NPs to reduce multimer reaction.

formation and thereby simplify data analysis. Due to 05 05
heterogeneity in the size and optical signals of NPs, particle binding events = k [IX-NP]™”[MY-NP]"

tracking should be initiated prior to the target addition to fully X" 1000NPs/unit area

differentiate each NP assembly event with high reliability. All 9 . _

types of different interactions were successfully discriminated log({miRNA]/pM) (X, ¥ =R, G, B) @)

and counted in a parallel manner over a large area (Figure 3b where kyy is reaction rate constant (1 h), which represents the
and Video S10). binding efficiency, [IX-NP] and [MY-NP] is the 2D NP

Before obtaining a calibration curve, we analyzed the NP density. To remove the effect of different NP density per
reaction kinetics. The binding events can be regarded as reaction chamber, we used the normalized the binding events
multicomponent association reactions (Figure Ic and eq 1). by setting the internal reference as 1000NPs/unit area with the

I- NP + M-NP + miRNA — I-M complex 1) density factor after measurement (eq 3 and Figure 4c).

We first tested the effect of NP density on NP association normalized binding events

reaction. Although we aimed to load a similar number of NPs = (bindi ts) 1000NPs/unit area

on SLBs in different reaction chambers by controlling loading = \DInding events [1-NP]**[M-NP]* 3)

time and particle concentration, there were deviations in the

NP density for each batch. The higher density of M-NPs and I- We calculated the k values for nine different OK-NP reactions

NPs resulted in an increased number of binding events for the with the slope of a linear relation region of the calibration curve

same target concentration (Figure 4a and Table S1). When the (Figure S2 and Table S2). Considering melting temperature of
3563 DOI: 10.1021/jacs.7b01311
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Figure S. Multiplexed detection of miRNA sequences. (a) Representative data for in situ monitoring of binding events and (b) multiplexed profiling
results from different combinations of 100 pM target miRNA sequences. Plus (minus) sign indicates presence (absence) of the target miRNA in
samples. The detected amount was obtained from calibration curves (Figure S2). The dashed lines indicate the added amount of target miRNA. The
results prove the multiplexing capability and negligible cross-reactivity within experimental errors of the assay. (c) Discrimination between target
miRNA and single-base-mismatched target at 300 and 10 pM. Single-base-mismatched target shows <43% normalized binding events at 300 pM and
indistinguishable signals from control signals at 10 pM. (d) Multiplexed miRNA profiling of total RNA extract from HeLa cells and validation with
qRT-PCR. qRT-PCR result shows relative expression value to U6 snRNA. (e) Correlation of OK-NLB assay with qRT-PCR based on the results of
total RNA from HeLa cells. The 9 target miRNA results obtained with two methods show a strong agreement (R* = 0.9993). The standard

deviations are obtained from three independent experiments.

a target sequence, the association reaction between R-NP and
B-NP shows the highest value. The rate constant is affected by
the hybridization energy, which is determined by the target
miRNA sequence, DNA modification density for OK-NPs, NP
morphology, etc. The diversity in k value implies that the target
sequence and the types of NPs affect the binding efficiency.

Under these conditions, we obtained the calibration curves of
the normalized binding events with target concentrations
ranging from 3 to 300 pM (Figure 4d). The binding events
were counted on 120 X 120 ym* SLBs with consecutive images
every 10 min. The logarithm of target concentration showed
linear behavior with the normalized binding events (Figure S2).
The limit of detection (LoD) ranged between 3 and 10 pM
(30—100 amol) for 9 miRNA targets without optimizations.
The kinetic responses of binding events were dependent on the
combination of NPs. Furthermore, miRNA sequence has an
influence on the kinetics of assembly and disassembly with
complementary DNA sequences.”

An assay time of 1 h was sufficient to discriminate different
target concentrations. Longer assay time did not noticeably
increase the sensitivity because the binding event curve reached
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a plateau after 1 h when a small amount of target was present.
OK-NLB assay allows for differentiating small differences in
miRNA expression, which is key to distin§uishing dysregulated
miRNA expression for cancer diagnosis.l

To examine the multiplexing capability and the cross-
reactivity of the OK-NLB assay, we tested samples containing
100 pM targets with several different combinations of miRNA
targets (Figures Sab). miRNA profiling results were analyzed
through in situ monitoring of nine association reactions.
Although each M-NP is designed to bind to three types of I-
NPs simultaneously, the assay showed negligible cross-reactivity
in all the cases and specifically detected the targets with high
reliability and quantification capability. Even when all 9 targets
existed in one sample, the assay was able to detect all the targets
with similar quantification results (the far right histogram of
Figure Sb). We also confirmed the specificity of the assay.
Single-base-mismatched targets at 300 and 10 pM were tested
for three orthogonal targets (miR-21 for MG-IG, miR-155 for
MB-IB, and miR-20S for MR-IR; Figure Sc and Table S3). The
single-base-mismatched target showed <43% signal intensities
of the signals for 300 pM perfectly matched DNA case. The
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signals from 10 pM single-base-mismatched targets were not
differentiable from control signals. The single nucleotide
polymorphism (SNP) in G—C pair for miR-20S showed
greater discrimination than SNP in A—U pair for miR-21. The
detected amount of 300 pM single-base mismatched input
ranged between 10 and less than the LoD. The results prove
the SNP selectivity and specificity of the OK-NLB assay.

Finally, we performed miRNA profiling of total RNA samples
extracted from HeLa cells (human cervical adenocarcinoma)
with the OK-NLB assay (Figure 5d). We used 0.6 ug of total
RNA for cancer cell assay. miR-21, an oncogene widely
overexpressed in diverse cancers including cervical cancers,”
showed the highest expression level. The measured values of
miR-141, miR-146a, miR-155, and miR-205 were below LoD,
and this result is consistent with the previous report that
showed those miRNAs have low or no expression in HeLa
cells.”” We spiked miR-146a (30 pM final concentration) in a
total RNA sample and quantified it using the OK-NLB assay.
The detected amount of target was 25.7 + 1.62 pM. The spiked
sample showed 94% of the normalized binding events,
compared to that of the same concentration of target sample
in buffer condition. Six percent signal loss was largely due to
cell debris in the lysate observed on the SLB (Figure S3). We
further validated the result of the OK-NLB assay using qRT-
PCR. The relative expression value of each miRNA to the
internal reference U6 was plotted against the absolute
concentration of miRNA obtained from OK-NLB assay (Figure
Se). The two assay results showed strong agreement with R®
values of >0.999. Moreover, the expression pattern of 9 miRNA
targets was well matched with the reported value obtained by
microarray-based assay.”*

B CONCLUSION

In summary, we developed an optokinetically encoded light-
scattering NP-based assay on SLBs (OK-NLB assay), which
allows real-time monitoring of individual NP assembly modes.
The assay enables rapid, sensitive, quantitative, and multiplexed
profiling of 9 different miRNAs in one sample without
complicated setup, target modification, and enzymatic
amplification. The probes on SLBs used herein were modified
with three different target miRNA complements and mobility-
controlling biotinylated DNA for multiplexed optokinetic
encoding and showed remarkable photostability with DFM
that allows for in situ monitoring of the probes and reliable
quantification of their binding events with miRNA. As a proof
of concept, we showed the highly specific detection of various
combinations of 9 different miRNA targets with 9 interacting
pairs of probes between mobile R, G, or B probes and immobile
R, G, or B probes on SLBs. In situ single-particle monitoring
and normalized RGB analysis of 2D diffusion and target
miRNA-facilitated binding of a large number of the photostable
NPs with DFM in a highly parallel manner allows for reliably
differentiating and quantifying 9 different miRNA targets in one
sample. Moreover, single-base mismatched target miRNA
sequences were clearly discernible from target miRNA
sequences on the OK-NLB assay platform. Highly selective
detection of different miRNA sequences used here implies the
diagnosis of breast, prostate, lung, pancreas and stomach
cancers from clinical samples could be potentially possible with
further optimizations.9 For rigorous validation, we profiled the
expression levels of 9 miRNAs from cervical cancer cell extracts
within 1 h and confirmed that the expression pattern is
consistent with qRT-PCR result. The assay should be readily
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applicable to study other complex biological and chemical
reactions because the surface of OK-NPs can be modified with
diverse biochemical ligands.”®™** The multiplexed profiling
strategy with OK-NPs on SLBs expands the number of
multiplexable targets and opens new ways of developing highly
multiplexed signals with photostable probes on a highly
analyzable, quantifiable platform. The OK-NLB platform
could be useful for rapid and multiplexed pathogen
detection,*? as well as cancer diagnosis.
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