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ABSTRACT: Observation of individual single-nanoparticle
reactions provides direct information and insight for many
complex chemical, physical, and biological processes, but this is
utterly challenging with conventional high-resolution imaging
techniques on conventional platforms. Here, we developed a
photostable plasmonic nanoparticle-modified supported lipid
bilayer (PNP-SLB) platform that allows for massively parallel
in situ analysis of the interactions between nanoparticles with
single-particle resolution on a two-dimensional (2D) fluidic
surface. Each particle-by-particle PNP clustering process was
monitored in real time and quantified via analysis of individual
particle diffusion trajectories and single-particle-level plas-
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monic coupling. Importantly, the PNP-SLB-based nanoparticle cluster growth kinetics result was fitted well. As an application
example, we performed a DNA detection assay, and the result suggests that our approach has very promising sensitivity and
dynamic range (high attomolar to high femtomolar) without optimization, as well as remarkable single-base mismatch
discrimination capability. The method shown herein can be readily applied for many different types of intermolecular and
interparticle interactions and provide convenient tools and new insights for studying dynamic interactions on a highly

controllable and analytical platform.

B INTRODUCTION

Obtaining in situ information on dynamic interactions between
nanoparticles or molecules with the highest possible resolution
and accurate statistical data from individual particles over a
large area is of paramount importance and is the fundamental
basis for understanding and discovering scientific principles and
their applications.'~” The single-nanoparticle-resolution in situ
measurements provide time-dependent snapshots of the
dynamic individual nanoparticles in action, and thus the
heterogeneous interactions between nanoparticles can be
elucidated and distinguished from the ensemble.>® This can
reveal direct and detailed information on colloidal nanocrystal
growth and assembly mechanisms and molecular reaction
kinetics.> "' However, conventional high-resolution imaging
methods, including electron microscopy, typically provide static
information on a limited number of structures without in situ
data and require complicated setup and procedures under harsh
conditions (e.g, vacuum).'> 71 Liquid transmission electron
microscopy (TEM) techniques have been recently developed
to observe interactions between individual nanoparticles in an
aqueous environment in real time.*” Nevertheless, the potential
of the liquid TEM system for study of nanoparticle interactions
is restricted to electron beam-triggered nanoparticle synthesis
and assembly. The sealed liquid cell in a high vacuum condition
does not permit changing reaction conditions, including buffer
and introduction of chemical or biological molecules to trigger
or manipulate nanoparticle reactions. Also, it is inevitable that
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particles and molecules are severely exposed to an electron flux,
which affects the nanoparticle assembly kinetics and damages
chemical and biomolecules in reactions. For these reasons,
fluorophore-based single-molecule-level imaging and analysis
methods have been heavily used in obtaining dynamic
information on intermolecular interactions, but these methods
suffer from the blinking and bleaching problems of
fluorophores.'® Further, discerning short-range molecular
interactions of multiple components with fluorophore labels
is highly challenging, and even with fluorescence resonance
energy transfer, the measurable distance is limited to 10 nm and
the interpretation becomes difficult for multicomponent
systems.'> Another important issue for reliable long-term
single-nanoparticle analysis is that freely diffusing nanoparticles
are repetitively focused in and out under optical microscopes
because of their uncontrollable three-dimensional movements
in solution, which makes it difficult to track the entire reaction
trace for many particles (Figure la; Movie SI in Supporting
Information). Therefore, complex optical and mechanical
systems are frequently required to reliably analyze dynamically
moving nanoscale objects in solution state over a large focal
depth for a long period of time, often with difficulties in
simultaneously quantifying many objects in a reliable and
reproducible fashion.®'%!” For all these reasons, it would be
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Figure 1. Single-nanoparticle-level in situ parallel imaging and analysis of dynamically tethered nanoparticles on a supported lipid bilayer. (a) (top)
Schematic illustration of freely dispersed nanoparticles in uncontrolled three-dimensional motion. (bottom) Dark-field microscope image of 80 nm
Au nanoparticles in solution (see Movie S1 in Supporting Information). Nanoparticles are repetitively focused in and out, which makes it difficult to
reliably track individual nanoparticles for a long period of time. Freely diffusing 50-nm Au nanoparticles in solution are almost invisible because they
generate scattering signals too weak to detect their fast free motions. (b) (top) Schematic illustration of dynamic two-dimensional confinement of
plasmonic nanoparticles on lipid bilayer surface. Two different types of probes (mobile and immobile plasmonic probes) are tethered to a supported
lipid bilayer. Target DNA hybridization induces two-dimensional cluster formation and plasmonic coupling. (bottom) Multiparallel in situ
observation and analysis of supported lipid bilayer-tethered plasmonic nanoprobes via dark-field microscopy with single-nanoparticle resolution. A
supported lipid bilayer modified with mobile and immobile probes is shown in Movie S3 in Supporting Information. (c) Quantitative analysis of
single plasmonic nanoclusters based on dark-field microscope images. The scattering intensity and color spectrum, presented here, is obtained from

the single plasmonic cluster marked with a white dashed line.

highly beneficial to develop a method that allows for in situ
imaging and analysis of the interactions between freely moving
nanoparticles with single-particle sensitivity. To obtain statisti-
cally meaningful information and derive new principles from
studying interacting particles, one also needs to simultaneously
track the interactions from multiple reaction sites with single-
particle-level resolution.

In this work, to address the aforementioned challenges, we
dynamically tethered plasmonic nanoparticles (PNPs) to a
fluidic supported lipid bilayer (SLB) surface and controlled the
mobility of PNPs by tuning the valency of particles. We then
analyzed DNA hybridization-induced particle cluster growth
dynamics with single-particle resolution and quantification on
this platform, based on the detection of single-particle-level
plasmonic coupling between interacting PNPs by dark-field
microscopy (Figure 1b,c). The dynamic two-dimensional (2D)
confinement of gold nanoparticles on a fluidic lipid bilayer
surface allows for the effective imaging and tracking of all the
nanoparticle movements and interactions for the entire reaction
period, avoiding transient or permanent loss, which happens
frequently in observation of freely diffusing nanoparticles in
uncontrolled three-dimensional motion. Importantly, consec-
utive single-nanoparticle reactions resulted in quantified
stepwise optical signal changes arising from plasmonic coupling.
Interactions from multiple particle reaction sites were
simultaneously monitored and analyzed; kinetic studies for
the formation of dimeric, trimeric, and tetrameric nanoparticle
clusters were performed; and a multiparallel dynamic single-
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particle analysis-based DNA detection assay was shown as an
application of this method.

B EXPERIMENTAL SECTION

Preparation of Small Unilamellar Vesicles. A supported lipid
bilayer (SLB) was formed on a cover glass by the fusion of small
unilamellar vesicles (SUVs) containing 97.4 mol % dioleoylphospha-
tidylcholine (DOPC), 0.1 mol % biotinylated dioleoylphosphatidyle-
thanolamine (DOPE), and 2.5 mol % poly(ethylene glycol)-DOPE.
The SUV solution was prepared by dissolving the appropriate amounts
of lipids in chloroform. The lipid solution was evaporated in a 50 mL
round-bottomed flask by use of a rotary evaporator. The lipid film was
thoroughly dried under a stream of N,. The dried mixture was
resuspended in deionized (DI) water and subjected to three repetitive
freeze—thaw cycles. The total lipid concentration was 2 mg-mL™". The
solution was extruded more than 21 times through a polycarbonate
(PC) membrane with a pore diameter of 100 nm at 25 °C. The
resulting SUV solution was kept at 4 °C until use.

Functionalization of Au PNP Probes with DNA and
Quantification of Biotin Valency. Thiolated oligonucleotides
were reduced by incubation with 100 mM dithiothreitol (DTT) in
100 mM phosphate buffer (PB) solution (pH 8.0) for 2 h and
separated on a NAP-S column (GE Healthcare, Buckinghamshire,
U.K.). For DNA functionalization, freshly reduced 4 uM oligonucleo-
tides were mixed with 50 pM of 50-nm AuNPs and incubated at room
temperature overnight. For immobile PNPs (I-PNPs), the molar ratio
of SLB tethering sequence and target capture sequence was 200:600
(mole fraction of SLB tethering sequence was 0.25). For mobile PNPs
(M-PNPs), the molar ratio was 1:799 (mole fraction of SLB tethering
sequence was 0.00125). The solution was then adjusted to yield 10
mM phosphate buffer and 0.1% (w/v) sodium dodecyl sulfate (SDS).
The adjusted solution was further incubated in an orbital shaker for 30
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Figure 2. Biotin-valency-based control of nanoparticle mobility on a supported lipid bilayer. (a) Representative diffusion trajectories of nanoparticle
probes with different biotin valencies. (b) Average diffusion coefficients of plasmonic probes on a supported lipid bilayer as a function of biotin
valency (N = 100 particles). (c) Mobile fraction of lipid-tethered nanoparticle probes as a function of biotin valency. Each standard deviation was
calculated from three independent measurements of SO nanoparticles by the dark-field microscope. (d) Fluorescence recovery after photobleaching
taken of a supported bilayer containing 1 mol % NBD-PC lipids. The plot is fitted to the equation F(t) = A(1 — e™"). The lateral diffusion coefficient
is calculated as follows: D = wyp/4t, 5, where w is the radius of the Gaussian bleaching light; yp is the correction factor, which depends on the bleach
time and geometry of the bleaching light; and ¢, is the time of half-recovery. The values of w, yp, and t,, used here were 18.3 ym, 1.12, and 61 s,
respectively. (Insets) Bilayer after initial postphotobleaching and 6 min of recovery.

min, and six aliquots of 2 M NaCl were added to obtain a final NaCl
concentration of 0.3 M with 0.05 M incremental steps. After each
addition of 2 M NaCl, the solution was heated at 55 °C for 10 min and
incubated for 30 min at room temperature. The DNA—AuNP mixture
was allowed to stand overnight at room temperature and then the
solution was centrifuged (4500 rpm, 10 min). The supernatant was
eliminated and the precipitate was redispersed in DI water (this
procedure was repeated three times). The DNA-functionalized AuNP
solution was kept at 4 °C until use. For quantification of the number of
SLB tethering sequences per AuNP, Cy3-labeled oligonucleotide-
modified AuNPs were dissolved in 30 mM KCN solution. Measure-
ment of fluorescence emission intensity of Cy3 was performed on an
Acton spectrometer (Spectra Pro) with a Xe lamp (500 W) as an
excitation source.

Preparation of Supported Lipid Bilayer and Modification of
Au PNPs to SLB. The preparation of the SLB and tethering of Au
PNPs to the SLB were done in a glass flow chamber. A flow chamber
consists of the top and bottom glass substrates separated from each
other by a 100-um-thick thermoplastic spacer. Inlet and outlet holes
were drilled on both ends of the top glass. The top slide glass was
pretreated with 10 mg-mL™ BSA in 0.15 M PBS for 1 h to make it
inert to SLB deposition. The bottom cover glass was cleaned by
sonicating for 10 min in chloroform, acetone, and ethanol. After
sonication, the cover glass was washed with DI water and dried by a
stream of N,. Next, the bottom cover glass was pretreated with 1 M
NaOH for 1 h and then thoroughly washed with DI water. The glass
substrates were assembled with a sandwiched thermoplastic spacer by
heating at 120 °C on a digital hot plate. The prepared SUV solution
was mixed 1:1 (v/v) with 0.15 M PBS and introduced into the glass
flow chamber through the inlet port. Approximately 70 uL of SUV
solution was required to fill the flow channel. After 45 min of
incubation at 25 °C, excess and unfused SUVs were washed out with
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200 uL of DI water two times. Streptavidin (STV, 1 nM) in 0.15 M
PBS solution was reacted with biotinylated SLB for 1 h after DI water
in the flow channel was replaced with PBS. Unreacted STV was
washed out with 0.15 M PBS, and then the flow channel was filled with
0.025 M PBS. Next, 2 pM I-PNP and 15 pM M-PNP probes were
introduced and reacted for 10 min. Unbound PNPs were removed and
unreacted STV binding sites were quenched by washing with 0.025 M
PBS containing 1 yM free biotins. After 15 min, the buffer was
exchanged to 0.15 M PBS. Typically, this procedure resulted in SLB-
tethered I-PNP and M-PNP with the ratio 1:3.

Fabrication of Patterned SLB. For the DNA detection assays, a
120 X 120 um® SLB was formed in a patterned gold film on a glass
substrate. A gold pattern was fabricated by conventional photo-
lithography and followed by lift-off process. Introduction of SUV
solution yielded selective deposition of a SLB onto an exposed glass
surface, because a gold surface is inert to SLB formation. After
formation of SLB, gold surface was passivated with 2 mg-mL™" bovine
serum albumin and 10 mM carboxymethyl poly(ethylene glycol)
dissolved in PBS to be resistant to nonspecific binding of PNPs and
target DNA. Next, PNPs were tethered for use in DNA assay
experiments.

Dark-Field Microscopy-Based in Situ Observation of PNP
Probes and Optical Analysis. Movement and plasmonic coupling of
SLB-tethered PNP probes were observed on a commercial dark-field
microscope (Axiovert 200M, Carl Zeiss, Gottingen, Germany) with a
40X objective lens (NA 0.6) and AxiCam HRc color camera. All the
image analysis procedures were conducted with Image] software
(http://rsb.info.nih.gov/ij/). For tracking and trajectory analysis of
individual SLB-tethered PNP probes, the MOSAIC plugin was used
(http://www.mosaic.ethz.ch/Downloads/ ParticleTracker).18 The scat-
tering intensity and RGB color spectra were analyzed by the basic
intensity measurement and RGB color intensity splitting function of
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Figure 3. Optical analyses of interacting plasmonic nanoparticles on a supported lipid bilayer. (a) Time trace and schematic depiction of change in
the scattering intensity for an immobile plasmonic probe site in the absence of target DNA sequence. (b) Dark-field microscopic images of target
DNA hybridization-induced plasmonic nanoparticle clusters. The 15-step trajectories of mobile probes captured within an immobile probe site
(white dashed circle) are highlighted with white solid lines, and red arrows indicate the starting positions of each trajectory. The time interval for
each trajectory step is 0.188 s. The original movie is shown in Supporting Information (Movie S4). (c) Red-to-green ratio plot for the dark-field
microscopic images of probe clusters as a function of the number of probes per cluster. (R? = 0.970, N = 30 clusters) (d) Representative time traces
of the scattering intensity for (top) assembly and (bottom) disassembly processes of nanoparticle clusters.

Image] software, respectively. Cy3-modified STV and nitrobenzox-
adiazolyl-labeled phosphatidylcholine (NBD-PC) lipid were observed
by epifluorescence microscopy (TE-2000, Nikon, Tokyo, Japan) with
60X lens (NA 1.49) under 532 and 488 nm laser excitation,
respectively. The brightness and contrast of microscope images are
not adjusted unless it is mentioned in the figure caption.

B RESULTS AND DISCUSSION

Dynamic Tethering of Plasmonic Nanoparticles on
Lipid Bilayer Surface. Plasmonic nanoparticles were used in
this approach because they efliciently scatter resonant light and
are insusceptible to photobleaching and blinking.'**® Tmpor-
tantly, the plasmons of individual gold or silver nanoparticles
(AuNPs or AgNPs) interact with each other in a distance-
dependent manner,”"** and this forms a basic principle that
underlies the measurements of molecular interactions on PNPs
within several tens of nanometers by monitoring change in
scattering intensity or spectral response without further
labeling."#**~>> A supported lipid bilayer is a powerful and
versatile platform, as it allows for synthesizing and controlling
2D fluidic surface on a solid substrate and incorporating a
variety of species in a laterally mobile way.*">* By tethering
nanoparticles to the SLB, we confined nanoparticles in the 2D
focal plane of the optical microscope for efficient imaging and
tracking of all the nanoparticles of interest while preserving the
free motions of nanoparticles due to the fluidic nature of the
SLB (Figure 1b). As tethered PNPs resonantly scatter the
incident light and travel on the planar lipid bilayer surface, 2D
diffusion trajectories and optical signals can be recorded in situ
via the dark-field microscopy setup (Axiovert 200M, Carl Zeiss,
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Gottingen, Germany) with single-particle resolution (Figure
1b,c). The optical signal stability and spatial precision of our
dark-field microscopy experiment are described in sections 2.1
and 2.2 in Supporting Information, respectively. The dark-field
results proved that tethered PNPs were uniformly dispersed
throughout the 2D membrane surface and showed excellent
lateral mobility with free diffusion over the membrane surface
(Movie S2, Supporting Information). This dynamic 2D
confinement of particles and the use of PNP labels allow
facilitation of efficient collisions between particles and in situ
observation and analysis of nearly all the reactions between the
molecules on nanoparticles.

Another important aspect of a high-resolution imaging
method is the stable and reliable observation of interacting
particles. To facilitate this, two types of DNA-modified
plasmonic nanoparticle (DNA-PNP) probes with significant
differences in lateral mobility were designed and tethered to the
SLB surface: highly mobile (M-PNP) and nearly immobile (I-
PNP) (Figure 1b). The scattering signal from a fixed I-PNP site
can be stably monitored and analyzed, and M-PNPs diffuse into
an I-PNP site to induce change in the plasmonic coupling-
based light scattering signal. The mobility of PNP probes was
controlled via the biotin valency of a probe by varying the mole
fraction of SLB tethering sequence in the DNA modification
procedure (see section 2.3 in Supporting Information). As
PNPs become more multivalent, they travel shorter distance for
a certain period of time (Figure 2a). Also, diffusion coefficients
and mobile particle fraction get smaller, and all the particles
were virtually immobile when the biotin valency reached 486
(Figure 2b,c; see section 2.4 in Supporting Information for the
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Figure 4. In situ multiparallel imaging and analysis of plasmonic nanoparticle clustering processes and the study on nanoparticle cluster growth
kinetics. (a) Multiparallel in situ monitoring of DNA hybridization-induced plasmonic couplings of nanoparticle probes in a large SLB surface area.
The left image was taken 330 s after the addition of 30 nM target DNA sequence. Magnified images of the white dashed area before (0 s) and after
(330 s) the addition of target DNA sequence are shown. The original movie is shown in Supporting Information (Movie S6). (b) Time-dependent
scattering intensity plots for 10 individual nanoparticle clustering reactions that are shown in the dark-field microscopic image in panel a. The
scattering intensity was normalized to the average intensity of monomeric probes. The signal was recorded every 1 s for 330 s. Red arrows indicate
monomer addition, and green arrows indicate simultaneous two-monomer addtion. (c) Reaction kinetics plot of plasmonic cluster growth with 30
nM target DNA (symbols). Each probe addition reaction was detected by monitoring the stepwide increase in scattering intesity of the growing
clusters (N = 150 clusters). Cluster formation kinetics were fitted to a three-step consecutive reaction model (lines). (d) TEM images of clustered
plasmonic nanoparticle probes assembled on the SLB. (e) Calculation of 2D steric hindrance factors for sequential addition of a plasmonic probe to a
dimer to form a trimer, or to a trimer to form a tetramer. The gray regions represent the possible approach angle for the next particle addition. In
tetramer formation, the steric hindrance factor is plotted as function of the accessible angle determined by relative position of the third particle (black
solid line in the inset graph). The average f; is 0.375 (red dashed line).

detailed study). We observed and correlated a dark-field and 99% mobile fraction, demonstrating that the biotin-
microscope image of multivalent PNPs and a fluorescence valency-based control of PNP mobility was conducted on the
microscope image of Cy3-modified streptavidins (STVs) on the highly fluidic complete lipid bilayer. For M-PNP probes,
SLB to prove the position of PNPs matches with the position of 0.00125 mol fraction of the SLB tethering sequence was added
locally concentrated STVs. The results show that two images to yield ~1 biotin valency. In the case of I-PNP probes, 0.25
are well matched to each other, suggesting that local mol fraction of the SLB tethering sequence was used.

accumulation of STVs under the multivalent PNP is Observation of Nanoparticle Interactions with Single-
responsible for the loss of particle mobility (Figure S4, Nanoparticle Sensitivity. We differentiated short-range
Supporting Information). We also confirmed the complete interactions below a few tens of nanometers on the basis of
lipid bilayer formation on a glass substrate by fluorescence monitoring the scattering intensity changes originating from
recovery after photobleaching experiments (Figure 2d). The near-field plasmonic coupling between interacting nanoparticles

data fitting yielded a diffusion coefficient of 1.54 X 10™® cm?/s by dark-field microscopy. The scattering intensity was analyzed
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with Image] software by averaging an I-PNP site-centered
circular area with a radius of 500 nm, which is similar to the
optical resolution, d, of the microscopy setup (d = 1/2NA; 4 is
the resonance wavelength of DNA-modified S0 nm AuNPs, 530
nm, and NA is the numerical aperture of the 40X objective lens,
0.6). In the absence of DNA-PNP-linking target DNA, M-PNP
probes approached a fixed I-PNP site, but these PNPs were
temporally overlapped because there is no specific interaction
between DNA-PNPs in this case. Consequently, the scattering
intensity of an I-PNP site was initially constant but fluctuated
transiently as an M-PNP came within the optical diffraction
limit (Figure 3a). Interestingly, two types of transient sharp
rises in the signal were observed. In one case, which is more
frequent, the scattering intensity was ~2-fold higher than the
initial value. This can be attributed to a distant optical
overlapping, where two PNPs reside within the optical
resolution but are not sufliciently close to each other to
cause plasmonic coupling (Figure 3a-i). In the other case, ~3.5-
fold rise in the scattering intensity was observed, and the higher
signal enhancement originated from the near-field interaction
between two plasmonically coupled PNPs (Figure 3a-ii). It
should be noted that most of these signal changes lasted for
<0.5 s due to the absence of specific interactions between
PNPs. In the next sets of experiments, we observed in situ DNA
hybridization and dehybridization events that trigger the
assembly and disassembly of DNA-PNP probes on the SLB
and recorded the corresponding change in the scattering
intensity at single-nanoparticle resolution in real time. In the
presence of the target DNA sequence, paucivalent M-PNPs
were captured by a multivalent I-PNP and formed a
multiparticle cluster wherein an I-PNP was fixed and monitored
as a tracking center. In the dark-field microscopic image, the
assembly process was successfully resolved for observation of
single-nanoparticle addition events. Particle-by-particle PNP
cluster growth from monomer to tetramer was observed, and
the trajectories of M-PNP probes that have been captured by an
I-PNP probe are highlighted with white solid lines in Figure 3b.
As the clusters evolved, we observed a stepwise change in both
the scattering intensity and color in every M-PNP addition step
to an I-PNP site (Movie S4, Supporting Information). Changes
in the scattering efficiency and resonance wavelength arise from
plasmonic coupling in the clustered AuNPs.*>*>*¢ At 3 nM
target DNA concentration, the reaction was finished in 15 min
and many monomeric M-PNP probes were consumed to form
the clusters. We found that nanoparticle interactions mediated
by 2D diffusion on the lipid bilayer are much more efficient
compared with interactions mediated by three-dimensional
diffusion (see section 2.5 in Supporting Information). The
cluster growth was usually restricted within a tetramer, and
further growth beyond tetramer was hardly observed because
there is a limited number of M-PNPs and also large steric
hindrance between DNA strands on particles for the assembly
of >4 particles in a single I-PNP site on the 2D surface (this will
be discussed in detail later). Utilization of the fixed I-PNPs
restricts the cluster growth pathway to particle-by-particle
addition, by effectively eliminating the coalescence between
particle clusters that produce unpredictable irregular 2D
aggregates, and impairs the quantitative nature of this method
(see section 2.6 and Movie SS in Supporting Information for
the coalescence process observed in M-PNP-modified SLB
without I-PNPs). The plasmonic coupling between PNP
probes caused a red shift in a resonance wavelength, and thus
the plasmonically coupled green AuNPs turned into red in the
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. o 22,35,36 .
dark-field microscopic image.””*>*® The plasmonic color

change was analyzed by splitting and measuring RGB color
intensity with Image] software (Figure 1c). As the cluster grew,
green and red signals increased while blue signal remained
constant. On the basis of these results, we plotted a red-to-
green ratio graph, and a linear increase in the ratio was
observed as the number of clustered particles increased (Figure
3c). The number of particles present in the clusters was defined
by recording every monomeric particle attachment event. The
color calibration standard is very useful to accurately and
conveniently define and quantify the state of interparticle
interactions and to differentiate the specific interaction-based
plasmonic couplings from nonspecific optical overlaps.

Importantly, the particle-by-particle addition of M-PNP
probes to an I-PNP site via target DNA recognition and
hybridization was shown and quantified in the time trace of the
scattering intensity (top graph in Figure 3d). The results show
that the scattering signal intensity increased in a stepwise
manner when each M-PNP was added to an I-PNP probe to
sequentially form dimer, trimer, and tetramer. When high-salt
PBS solution (167 mM Na*) was replaced with low-salt PBS
solution that contains much less salt (17 mM Na*), M-PNPs
were dehybridized and dissociated from I-PNP probes and
freely diffused over the SLB surface again, which gave rise to a
series of stepwise decreases in the scattering intensity (bottom
graph in Figure 3d).

Massively Parallel Observation and Analysis of
Cluster Formation Dynamics. Highly parallel in situ
observations of multiple interactions were realized by the
simultaneous analyses of individual plasmonic couplings of
PNP probes over a large surface area (typically ~30 000 um?;
Figure 4a). The original movie of the zoomed-in image is
shown in Supporting Information (Movie S6). Our in situ
parallel particle cluster growth analysis results for 330-s
observation (80-ms exposure time and 1-s time interval)
show that, although a sequential particle-by-particle cluster
growth was typically observed (Figure 4b-i, iv), many different
clustering modes were observed with different clustering
kinetics. Some probes formed dimers and did not grow further
(Figure 4b-ii, viii). There is also a case where the probe cluster
grew to form a trimer without growing further to form a
tetramer (Figure 4b-v). Interestingly, the simultaneous addition
of two probes to an I-PNP probe (Figure 4b-iii, vi) and back-to-
back additions of two or three probes to an I-PNP probe within
a very short time frame were also observed and resolved
(Figure 4b-vii, ix, x; please see inset graphs for these cases).
Importantly, with this in situ parallel single-particle resolution
analysis capability, we studied DNA-hybridization-induced
cluster-forming reaction kinetics. The scattering intensities of
150 individual I-PNP sites were simultaneously monitored for
this purpose. The growth kinetics from monomer to tetramer

kl kl k3
monomer — dimer —> trimer — tetramer
was fitted to a three-step consecutive reaction model by
assuming that M-PNPs were present in excess compared to I-
PNP monomers (Figure 4c; see section 2.8 in Supporting
Information for details). The rate constants for dimer, trimer,
and tetramer formation were estimated to be k; = 0.0165, k, =
0.0116, and k; = 0.0061 s, respectively. This model explains
the nanoparticle cluster growth kinetics within 180 s time.
When the steric hindrance factor (f) is taken into account, the
rate constants for trimer and tetramer formations can be
expressed as k, = fynk; and k; = fk,, respectively. The steric
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factors were calculated from the fitted rate constants (0.7030
for fy,, and 0.3697 for f,;). We performed TEM measurement
of PNP clusters assembled on the supported lipid bilayer
(Figure 4d). The results show PNP clusters can be formed into
different geometric configurations. On the basis of these
observations, we geometrically calculated the steric factors for
addition of the next PNP to a 2D dimer and a 2D trimer
(geometrically calculated steric hindrance factors were fy, =
0.6667 and f; = 0.3750; Figure 4e). These values are consistent
with the steric factors obtained from the fitted rate constants,
suggesting that the three-step consecutive reaction model
successfully describes and explains the 2D cluster growth of
DNA-modified PNP probes.

DNA Detection Assay and Single-Base Mismatch
Discrimination. Finally, we drew the optical calibration
standards for the number of reacted particles in the clusters,
and on the basis of this standard curve, we performed a DNA
detection assay with the PNP-tethered SLB platform. The
calibration standard plots were obtained by analyzing 30
individual clusters simultaneously, and the number of particles
in the cluster was confirmed by resolving and recording particle
addition events. In order to avoid the simultaneous addition of
multiple PNP probes within a single frame acquisition, the
frame rate was elevated by 5.3 frames/s in this case. We plotted
the averaged scattering intensities and found an excellent linear
relationship with the number of clustered particles (R? value is
0.999, Figure Sa). Notably, the results exhibited narrow
standard deviations, and we can clearly distinguish the clustered
states. The corresponding distributions are shown in Figure S7
in Supporting Information. DNA detection was performed on
120 X 120 um* SLB patterns embedded in a gold film (Figure
5b). PNP-modified SLBs were reacted for 4 h with different
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Figure 5. Dynamic plasmonic coupling-based DNA detection assay on
the supported lipid bilayer. (a) Scattering intensity calibration standard
as a function of the number of plasmonic probes in the cluster (R* =
0.999, N = 30 clusters). (b) PNP-modified patterned SLB with 300 fM
target DNA (4 h incubation). Red arrowheads indicate PNP dimers.
The brightness of the upper zoomed-out image was adjusted for clear
visualization. (c) Plot of target DNA assay results as a function of
target DNA concentration (black dots). The assay result for single-
base-mismatched DNA sequence was plotted with a red dot. Each
standard deviation was calculated from three independent samples.
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concentrations of target DNA ranging from 300 aM to 300 fM.
All the samples, including the control sample, contained 300 fM
noncomplementary DNA sequence to validate assay selectivity.
We found that, at very low target DNA concentrations studied
here, PNPs formed dimers only, without growing further to
trimers and tetramers. I-PNP sites that showed the coupled
dimer scattering intensity (>3.5-fold-enhancement; see Figure
Sa) were counted as the detection signals (Figure Sb). The
APNP clusters were calculated by measuring the difference
between the numbers of dimers before and after DNA
hybridization reaction. The assay results shows there are target
DNA concentration-dependent signal changes from 300 aM to
300 fM without optimization processes (Figure Sc). The
dynamic range for DNA detection with our method is from 300
aM to 300 fM, but the clear detection limit in this case is 30 fM
without optimization. Importantly, single-base-mismatched
DNA sequence (solid red squares in Figure Sc) was clearly
discriminated from target DNA sequence even at very low
concentrations with our approach.

B CONCLUSIONS

The method reported herein should be applicable to any
interaction pairs including DNA, RNA, proteins, and chemical
ligands and in situ monitoring of heterogeneous membrane
reactions and receptor clustering. Studying the interactions
between molecules and particles is a key to understanding
many scientific principles, and having methods for parallel in
situ analysis of multiple dynamic interactions between nano-
particles with single-particle resolution will be highly beneficial
and could lead to new information and insights for many
complex3i7nae:2ractions and reactions in physical and biological
sciences.
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