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Introduction

Discrimination between target and non-target
interactions on the viral surface by merging
fluorescence emission into Rayleigh scattering+t

Haemi Lee,? Yejin Jang,® Nam Hoon Kim,€ Lila Kim,® Meehyein Kim @ ** and

Direct and quantitative determination of antibodies or cellular receptors dynamically binding to the
surface of viral particles is the key issue for predicting the efficacy of therapeutic materials or host suscep-
tibility to a new emerging pathogen. However, targeted visualization of infectious viruses is still highly
challenging owing to their nanoscopic sizes and uncontrollable nonspecific interactions with loading
molecules responsible for false signals. Here we present a multimodal single-molecule and single-particle
(SMSP) visualization capable of simultaneously yet independently tracking Rayleigh scattering and fluor-
escence that, respectively, are generated from viruses (approximately 100 nm) and labeled interacting
molecules. By analyzing real-time trajectories of fluorescent antibodies against a virus surface protein
with reference to single virus-derived Rayleigh scattering, we determined heterogeneous binding stoi-
chiometry of virus-antibody couplings irrespective of the nonspecific binder population. Therefore, our
multimodal (or multi-level) SMSP assay visually identifies and selectively quantifies specific interactions
between them with single binding event accuracy. As a ‘specific-binding quantifier’ to assess variable host
susceptibility to a virus, it was further applied for distinguishing ratiometric bindings and spontaneous dis-
sociation kinetics of synthesized isomeric receptors to influenza virus. The present framework could offer
a solid analytical foundation for the development of a direct-acting antiviral agent inhibiting an integral
viral enveloped protein and for nanobiological investigation for dissecting spatiotemporal nanoparticle—
molecule interactions, which have been scarcely explored compared to those among plasmonic nano-
particles or among molecules only.

interactions taking place on the viral surface is highly required
for evaluating the neutralizing efficacy of therapeutic anti-

Up-to-date imaging methods have achieved detection capa-
bility down to the single molecule level.' Such technological
accomplishments facilitated detection and counting of single
viral particles.”® Beyond that, understanding the specific
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bodies or for predicting receptor-mediated host susceptibility
to a newly emerging virus, as the viral envelope is composed of
foreign substances that our immune system encounters
first.”'" However, the quantitative analysis of dynamic inter-
actions between antibodies or cellular receptors and the infec-
tious viral particles at the single event level still remains chal-
lenging. Regarding this issue, reliability of experimental
assessments rests on the targeted detection of unlabeled,
unmodified viruses with the stringent exclusion of background
signals arising from nonspecific binding events. Specifically,
undesirable physisorption of the sensing molecules frequently
results in false positives, whereas their insufficient affinity to
targets or the lack of readout signal intensities causes false
negatives. Besides these false outcomes, most conventional
immunoassays are focused on indirect detection of antigen
markers such as pathogen-derived secretory proteins, rather
than directly sensing the infectious viral particles.'*"?
Therefore, to extract signals representing interactions between
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viral particles and counter molecules and correlate them with
biological functions relevant to pathogenesis, it is necessary to
establish an advanced analytical modality discriminating
target and non-target interactions on the viral surface.

Immunogold-labeling transmission electron microscopy
(TEM) has been widely employed to visualize the presence of
unlabeled viral particles and define their identity using anti-
bodies.'* However, it has limitations in comparative or real-
time analysis of physiological interactions and disadvantages
associated with potential structural distortion of viral proteins
during sample preparation. Alternatively, ingenious
approaches including mechanical, electrochemical, optical
and flow virometry methods have shown remarkable achieve-
ment in monitoring individual virions.>®'® These sensing
assays regardless of being imaging- or nonimaging-based
methods are, however, hardly reliable in the following situ-
ations in which the population of target events is less abun-
dant than that of non-target events. This is one of the major
obstacles preventing access to accurately targeting the
unlabeled nanometer-sized infectious virions and revealing
their heterogeneous binding behaviors with freely existing bio-
molecules, either antibodies or receptors.

Inspired by this challenge, we tried to develop multi-level
real-time single-molecule and single-particle (SMSP) imaging
that simultaneously yet independently chases Rayleigh scatter-
ing and fluorescence signals produced respectively by viral par-
ticles and labeled antibodies. It is reasonable to assume that
the coincidence between these two irrelevant optical signals is
equivalent to the occurrence of specific adsorption of loading
molecules onto the viral surface. Importantly, without the need
for mock control preparation, our imaging method easily filters
out nonspecific events appearing in a sensing area, via classify-
ing them into fluorescence-only or scattering-only singular
optical signals. Through an extended feasibility study, we were
able to compare the ratiometric bindings and dissociation
dynamics of the synthetic isomeric cellular receptors to the
influenza viral particles at a single virus and single receptor
level, ultimately providing single binding event accuracy.

Methods and materials

Virus preparation and antibody labeling

The influenza virus, A/Puerto Rico/8/34 (PR8; H1N1), was
amplified in 10-day-old embryonated chicken eggs at 37 °C for
3 days followed by purification by ultracentrifugation.'® To
ensure biosafety, they were inactivated with 0.02% formalin at
4 °C for 24 h and subjected to ultracentrifugation again to
remove formalin. Loss of infectivity was evaluated by a plaque
assay and its protein concentration was estimated to be 440 pg
mL~", equivalent to 9.2 x 10° plaque-forming units (pfu)
mL~".  Anti-hemagglutinin (HA) antibody (cat. no.
86001-RM02; Sino Biological Inc., Beijing, China) was labeled
using a Molecular Probe’s Alexa Fluor 532 antibody labeling
kit according to the manufacturer’s instructions (Invitrogen,
Eugene, OR).
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Multimodal SMSP implementation

The optical configuration for multimodal SMSP imaging is
schematically presented in Fig. 1a. The output of a diode-
pumped solid-state laser at a wavelength of 532 nm is magni-
fied by a two-lens system with 1:4 focal length ratio (i.e., x4
beam expander) to produce a larger beam size before entering
a microscope (Olympus IX71; Olympus, Tokyo, Japan)
(Fig. S1t). The incidence is designed to be selected between
532 and 660 nm using a flip mirror. A focusing lens with a
500 mm focal length is installed to focus the incident light
onto the back focal plane of the TIR objective (x100) with a
numerical aperture of 1.49 to generate a wide-field illumina-
tion area at the sample surface, with the bottom of a microflui-
dic channel containing approximately 150 pL (Fig. S21). The
incident light passes through a broadband beamsplitter
(Chroma Technology Corp., Brattleboro, VT) with 30% trans-
mittance, which replaces the dichroic mirror installed orig-
inally inside the microscope, and simultaneously excites the
Rayleigh scattering and fluorescence signals respectively
emitted from viral particles and labeled antibodies (or cellular
receptors). Both optical signals collected by the same objective
for excitation then pass through a tube lens with 175 mm focal
length. To collect these emitted lights without the TIR
reflected light, we positioned lens 1 with a focal length of
185 mm such that the beam path and focus position of the
reflected light are maximally separated from those of the
emitted light. An iris was placed to control the size of field of
view at the focal plane (focal plane 2) of the emission. After
being collimated by lens 2, the emission was separated into a
fluorescence channel (upper) and Rayleigh scattering channel
(lower) in the homebuilt assembly and finally focused onto the
image plane of the EM CCD through respective focusing
lenses, lens 3 (for fluorescence) and lens 4 (for scattering).
The dichroic pairs were optimized for use with different exci-
tation wavelengths, 532 and 660 nm, without changing the
beam path. Technically, these two incident lights sequentially
excite the same illumination area for multiplex detection.
Neutral density (ND) filters with an optical density of 2.8,
which in principle led to a 1.6 x 10™>-fold reduction in inten-
sity, were deployed in the Rayleigh scattering channel to adjust
the scattering intensity to that of fluorescence. Bandpass (BP)
filters are additionally employed to enhance the spectral
selectivity of the collected signals. The overall magnification of
our multimodal SMSP system was determined by imaging a
standard grid with a 5 um pitch and found to be approximately
210. Such a high magnification was intended for the detailed
investigation of single binding events.

Detection of virus-antibody interactions

The entire assay protocol consisted of four steps: (1) coating
of a HA-specific capture antibody at a concentration of 20 pg
mL™" on the surface of a liquid holder; (2) treatment of the
blocking agent with 10 mg mL™" of bovine serum albumin
(BSA); (3) immobilization of the HIN1 virus, PRS, at a final
titer of 4.6 x 10> pfu per slide for 1 h; and (4) incubation of

This journal is © The Royal Society of Chemistry 2020
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a Multimodal single-molecule single-particle (SMSP) imaging
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Fig. 1 Real-time detection of unlabeled single viruses using multimodal single-molecule and single-particle (SMSP) visualization. (a) Optical
diagram of the devised system. A 532 nm (or 660 nm) incident light was adopted to generate a wide illumination area using the total internal reflec-
tion (TIR) conditions. Rayleigh scattering from the viral particles and fluorescence from the labeled biomolecules residing in the illuminated area,
depicted as yellow, were concurrently collected by an objective (x100, 1.49 N.A) and routed to a home-built assembly between the microscope and
an electron multiplying charge coupled device (EM CCD). In contrast, a strong incident light that propagated parallel to the emission was efficiently
removed by a plate mirror installed behind a focusing lens, lens 1. The optical path of the incidence was displayed as a white arrow. Meanwhile, the
emission passing through the collimating lens (lens 2) was divided into a fluorescence channel (upper; pink) and a Rayleigh scattering channel
(bottom; green) and finally positioned onto the image plane of the EM CCD using two dichroic mirrors and two focusing lenses, lens 3 and lens 4.
(b) A schematic representation of the multimodal SMSP imaging as an integrated method combining direct and indirect virus detection. (c)
Representative images from sample preparations in the absence of the viral particles (left bottom) and labeled detection antibodies (right bottom),
respectively, and from a complete sample preparation (top). Fluorescence-only positives are marked in red circles, scattering-only positives in blue
and dual positives in yellow.

the fluorescent detection antibody (0.2 pg mL™") prepared by
labeling the same anti-HA antibody with Alexa 532
(Invitrogen). The loading concentration was chosen to
achieve sufficient surface coverage of viral particles in the
detection area. All experiments were performed at room
temperature, i.e., ambient condition, with a reaction volume
of 200 pL, and the incubation time was 10 min in each step.
To remove the remnant reagents, the microfluidic holder was
washed with phosphate buffered saline (PBS), twice, between
the steps.

This journal is © The Royal Society of Chemistry 2020

Detection of virus-receptor interactions

The two glycan derivatives, a2,3-sialyllactose (3SL) and «2,6-
sialyllactose (6SL) sodium salts (with a purity of >98%), were
enzymatically synthesized."”'® They were then chemically con-
jugated to have the aminohexyl linker for labeling with
cyanine 5.5 (Cy5.5) according to a previous report.’® The purity
of the final products, Cy5.5-labeled 3SL and 6SL, was assessed
to be >95% via liquid chromatography-electrospray ionization
mass spectroscopy. For detecting viral particles and their
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receptor binding, multimodal SMSP was operated the same as
mentioned above, except for the incident light that was substi-
tuted with a wavelength of 660 nm.

Calculation of a skin-depth correction factor for TIR excitation

The equation describing the behavior of the evanescent wave,
E, = Egr-e'®™=) can be derived starting from a general repre-
sentation of a propagating plane wave, where E,, is the ampli-
tude of electric field at ¢ = 0, k is the wave vector determining
the propagation direction of the wave, r is the displacement
vector, @ is the wave angular frequency, and c.c. stands for the
complex conjugate. In particular, e*” needs to be extended to
investigate the characteristic of the electric field under TIR
conditions. When k is (k, ky, k;) and r is (ry, 1y, 1), k-r should
be k,x + k,-z if the refracted electric field (E,) propagates in the
ik-r

i R e e - /'n)2.sin2 @:—
zx plane. Then, ¢ becomes ekx(it)sinbr-g k2 [/ /n)?sin” 0 1}.

The refracted field E, under TIR conditions can be expressed
as Ey = Eoy - eik-x(:—i) sin H‘-e—kzz[ (5 /ny)*-sin? 91‘*1] . efimt‘ The pene-
tration depth of the evanescent field can thus be defined as

e—k-z[\/(m/n,)l-sin2 91—1] — e 74 and d = Aine

—z/d

=e
omy/ (ni/n;)? - sin® 6; — 1
(using k = /Izl—n;) According to the above equation and our experi-
mental conditions (the incident wavelength is 532 nm, 7; and n,
are 1.51 (oil-immersed lens with 1.49 NA) and 1.33 (1x PBS
buffer), respectively), the skin depth d varies from ~200 nm at
the maximum incident angle (83°) to ~1200 nm at the TIR criti-
cal angle (63°). Our experiments were performed at the
maximum angle. The intensity (I) of the evanescent field under
the TIR conditions exponentially decays along the z-axis perpen-
dicular from the interface (z = 0) and is derived as follows: I =
Ie"@), The ratio of excitation power density (I,/1,) at different

heights, z; and z,, from the interface would thus become
% = ¢~ (%272)/4_Therefore, from the fact that the height difference
of the virus is 100 nm and that the d is 200 nm, the labeled
detection antibodies nonspecifically attached to the sensing
surface were excited by an incident power density 1.8-fold higher
than that of the antibodies bound specifically to the 100 nm
viruses. That is, fluorescence of the dual positives, compared to
that of the fluorescence-only positives, is generated with a lower
incident power density that exponentially decreases from the
surface of the sample under the TIR excitation conditions. Given
the size of virus particles being 100 nm in diameter, the
measured fluorescence intensities of the dual positives were
scaled by a correction factor of 1.8 on employing the skin depth
equation as described.

Results and discussion
Working principle and performance

In the devised multimodal SMSP configuration (Fig. 1a), inci-
dent light initiates travel under total internal reflection (TIR)
conditions as shown in Fig. S1.f Meanwhile, an intense
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reflected light is removed at its focal plane 1; fluorescence and
Rayleigh scattering signals residing in a wide-field illumina-
tion area, which were generated onto a microfluidic system
(Fig. S2t), were collected by an objective and routed separately
into a fluorescence channel (upper beam route) and Rayleigh
scattering channel (lower beam route) shown in Fig. 1a. As a
preliminary study, we examined the performance of the SMSP
system by imaging fluorescent polystyrene latex nanospheres
with a diameter of 200 nm and excitation and emission peaks
emerging at 540 and 560 nm, respectively (Fig. S31). The posi-
tion difference between the Rayleigh scattering (Xscat,i» Vscat,i)
and fluorescence (xay,;, Yau,) signals of thirty nanospheres i,
i.e., AX; = Xgcar,i — Xfiu,; And AY; = Yscar,i — Yfiu,iy Was estimated to
be 250 + 1.0 pixels for the horizontal axis and 4.0 + 0.6 pixels
for the vertical axis on the CCD image plane, suggesting a two-
dimensional coincidence of the separate images. To investi-
gate the detection sensitivity of the fluorescence channel, we
loaded 50 pM rhodamine 590 fluorescent dye molecules spin-
coated on a cover glass, which verifies single-molecule fluo-
rescence with irreversible photobleaching and irregular photo-
blinking behaviors (Fig. S41).>>*' These results indicated that
our multimodal SMSP system was well-designed and suitable
for real-time monitoring of single-molecule fluorescence and
single-nanobioparticle Rayleigh scattering signals. Particularly,
in the latter case, it was successfully acquired by maximizing
the difference in the beam path and the focus position
between the weak Rayleigh scattering and hugely intense
reflected light of the same photon energy which was sub-
sequently removed by a plate mirror installed at its focal plane
(Fig. 1a). From a pure technical point of view, it is non-trivial
to spatially separate and selectively extract the Rayleigh scatter-
ing signals with a weak scattering cross-section from such an
intense reflected light. This is one of the primary reasons why
the direct visualization of dynamic interactions of bionanopar-
ticle-molecule complexes has thus far been scarcely studied
compared to molecule-molecule or plasmonic nanoparticle-
nanoparticle interactions.”*>*

The underlying concept for targeted visualization of virus-
biomolecule interactions is to analyze the dual positive spots
that emit both the fluorescence of labeled molecules and
Rayleigh scattering from individual viruses (Fig. 1b). Our
imaging method is thereby an integrated system of affinity-
based indirect and direct virus detection. The no-virus control
showed fluorescent spots without the scattering signal, pre-
sumably originating from the nonspecific attachment of the
labeled detection antibodies (left bottom, Fig. 1c). It implied
that in our experiment, these spots could be readily excluded
for interpretation of specific bindings as depicted in the left
panel of Fig. 1b. In another parallel control without the
labeled detection antibody, only Rayleigh-positive signals
appeared (right bottom, Fig. 1c), also providing experimental
rationale for their exclusion for further analysis due to the lack
of binding molecules. Collectively, the conducted complemen-
tary controls verified neither signal crosstalk nor perturbation
in our multimodal optical assembly. A full-fledged experiment
through successive incubation with viral particles and fluo-

This journal is © The Royal Society of Chemistry 2020
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rescent-labeled detection antibodies against influenza HA of
subtype 1 (H1) finally displayed dual positive spots (top,
Fig. 1c). These spots with different signal intensities resolve
unsynchronized interactions of the detection antibodies to the
viral particles. It can be suggested that the multimodal SMSP
imaging successfully decodes all individual events occurring
in a detection area in a way that the Rayleigh scattering signal
plays a role as an ‘indicator’ pointing the target virus and the
fluorescence signal serves as an ‘identifier’ selecting the inter-
action-of-interest. As a consequence of this sensing criterion,
dual positives present specific interactions between fluo-
rescence-labeled molecules and label-free viral particles.

Stoichiometric analysis based on the maximum fluorescence
intensities

To investigate spatiotemporal interactions, we captured movies
for 250 s at a time resolution of 500 ms. From a series of 500
consecutive frames, Fig. 2a shows a representative snapshot
chosen at 2.5 s (Movie S1; S2, S3t for two other detection
areas). The full width at half maxima (FWHMs) of the intensity
profiles measured from the majority of the scattering and fluo-
rescence signals were well correlated with the size of the diffr-
action-limit that occupies about 6 pixels each of which has
16 um on the CCD image plane. A narrow size distribution of

View Article Online
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viruses centering on 92 nm was also obtained from a dynamic
light scattering measurement (Fig. S51), clarifying that the
Rayleigh scattering mainly resulted from single viral particles,
not from viral aggregates. According to our multimodal
sensing criterion, spot 1 with both scattering and fluorescence
signals is indicative of a specific binding (Fig. 2b). The fluo-
rescence-only spot 2 denotes a false binder (Fig. 2c), whereas
the scattering-only spot 3 presents an off-interaction (Fig. 2d).
Independent of virus-antibody interaction, the scattering
signals maintained almost stationary intensities within the
region of interest, 7 pixels (Fig. 2b and d). By contrast, multi-
step discrete changes in fluorescence intensity were observed
as a consequence of distinct photobleaching rates of dyes
(Fig. 2b and c). Similar optical phenomena were observed for
other detection areas (Fig. S67).

For quantifying antibody-virus association events, the
maximal fluorescence and scattering intensities were statisti-
cally analyzed from 809 dual positive spots, 711 fluorescence-
only spots, and 787 scattering-only spots in ninety detection
areas (Fig. 2e). It should primarily be considered that fluo-
rescence from the dual positives, compared to that from the
fluorescence-only positives, is generated with a lower incident
power density that exponentially decreases from the surface of
the sample under the TIR excitation conditions. Given the size
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Fig. 2 Single-binding event identification of individual viral interactions. (a) A snapshot of a movie at 2.5 s for a selected detection area. (b) The time
trace of the dual positive spot 1 with both scattering and fluorescence signals. (c) The trace of the fluorescence-only positive spot 2. (d) The trace of
the Rayleigh scattering-positive spot 3. (e) The overall histograms of the skin depth corrected (for only the dual positives) maximal fluorescence and
scattering signals obtained from 809 dual positives, 711 fluorescence-only positives, and 787 scattering-only positives. (f) Linear regression analysis
for the center values of subpopulations in the maximal fluorescence intensities from the fluorescence-only and dual positives as shown in (e). (g) No
correlation result was observed between the fluorescence and scattering signals from 809 dual positives.
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of virus particles being approximately 100 nm in diameter, the
measured fluorescence intensities of the dual positives were
scaled with a correction factor of 1.8 on employing the skin
depth equation as described in the Materials and Methods
section. As a result, it was apparent that the corrected maximal
fluorescence intensities are higher in the dual positives than
the fluorescence-only positives, reflecting the larger number of
antibodies specifically bound to the single viral particles
(upper graph, Fig. 2e). Quantification was enabled by fitting
Gaussian distributions to the acquired intensity populations
and the resulting center values of the peaks were determined
to be 598 AU for the fluorescence-only spots and 966 and 1561
AU for the dual positive spots. When hypothesized that the
center value of the fluorescence-only spots corresponds to the
magnitude of the fluorescence intensity emitted from one anti-
body unit, the R-squared value of 0.96 from the linear
regression analysis suggested that 2 or 3 anti-HA antibodies
were statistically attached to each influenza virus particle
(Fig. 2f). In contrast, there appeared to be no substantial
differences in the magnitude of the maximum Rayleigh scat-
tering intensity distributions between the dual positive and
scattering-only positive events (lower, Fig. 2e). In addition, no
correlation was found between scattering and the corrected
fluorescence intensities of 809 dual positives (Fig. 2g), indicat-
ing that the magnitude of the scattering intensity is predomi-
nantly determined by their own characteristics of the viral par-
ticles, such as the particle size or shape or the dielectric con-
stant, irrelevant to their association status to the detection
antibodies.

Stoichiometric analysis based on the stepwise photobleaching
behaviors

In stark contrast to the scattering signals enabling prolonged
observation, fluorescence signals showed a sequential decrease
and eventual disappearance as shown in spots 1 and 2 which
correspond to a dual positive and fluorescence-only positive,
respectively (Fig. 3a). It has been accepted that the number of
fluorescent dyes conjugated to biomolecules, such as enzymes
and antibodies, can be estimated by counting the number of
photobleaching steps.”>?® In our representative images, the
two spots show stepwise transitions indicative of multiple
photobleaching events in the trajectories as indicated in
Fig. 3b. For statistical analysis, we compiled 97 dual positive
and 94 fluorescence-only spots and, as a result, the dual posi-
tives yielded a broad distribution with 4.3 + 0.2 average step
transitions (upper panel, Fig. 3c), which is approximately two-
fold higher than that of the fluorescence-only spots possessing
2.2 + 0.1 step transitions (lower panel, Fig. 3c). According to
the number of step transitions observed in the fluorescence-
only positives, it was assumed that the two copies of the
fluorophore were conjugated to one antibody. Therefore, we
subsequently assessed that at least two anti-HA antibodies
with a step transition of 4.3 are bound to a single virus par-
ticle, providing a consistent result obtained from the
maximum fluorescence intensity-based calculation (Fig. 2f).
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Distinguishing interactions of isomeric cellular receptors to
the viral particles

Practical utility of the multimodal SMSP was further applied to
comparative binding analysis of low-affinity isomeric cellular
receptors to the influenza virus. This approach is essential to
predict viral infectivity as it has been known that cellular
receptors, sialic acid a2-6-galactose p-1,4-N-acetyl glucosamine
(SAa2,6-GalNAc) and sialic acid o«2-3-galactose f-1,3-N-acetyl
glucosamine (SAa2,3-GaNAc), preferentially bind HA of the
influenza A virus isolated from humans and birds, respect-
ively.”” Conventional studies, such as ELISA and carbohydrate
microassays, utilize immobilized sialyl glycans to elucidate the
receptor specificity of HA,>®?° but have an intrinsic difficulty
in analyzing binding kinetics. Previously, Fei et al. reported
that the two glycans, 3SL and 6SL, bind to PR8 comparably
using the glycan microarray assay.’’ To analyze their binding
efficiency to the virus using the SMSP system, 3SL and 6SL
were enzymatically synthesized and chemically labeled with
Cy5.5 dye (Fig. 4a). The resulting Cy5.5-3SL and Cy5.5-6SL were
independently treated with the immobilized virus. By counting
the ratio of the number of dual positive spots to that of
Rayleigh-positive spots, it was found that 30% or 28% of the
overall virus population was bound to 3SL or 6SL, respectively
(Fig. 4b), being similar to the previous report. Furthermore,
the unique characteristic of SMSP microscopy allowed for
selectively calculating the quantity of molecules bound specifi-
cally to single viruses. Maximal fluorescence intensities of the
170 (for 3SL) and 135 (for 6SL) dual positive spots were ana-
lyzed (upper and lower panels, in Fig. 4c). After fitting with a
two-dimensional Gaussian distribution, the center values were
found to be 1770 and 2840 AU for the 3SL, whereas they were
1860 and 3260 AU for the 6SL. In parallel, from the randomly
chosen 170 and 135 fluorescence-only positives, we obtained
single distributions centering on 1006 (for 3SL) and 1191 AU
(for 6SL). Given their fold changes, it can be suggested that
one PR8 virion is recognized by 2 or 3 copies of receptor mole-
cules at an initial point, but with no preference for their iso-
meric structure.

Interestingly, according to the time traces of fluorescence
signals from the dual positive spots above, 18 and 8 lateral
movers were observed in the 3SL- and 6SL-treated samples.
The representative spots displayed complete or partial depar-
ture of the fluorescent spots from the Rayleigh-positive sites
(Fig. 4d and Fig. S7 and S8;f see also Movies S4 and S5t for
respective areas captured with a 500 ms acquisition time). We
measured their dwell times that are the duration period for
which the fluorescent signals stay on the individual spots as
shown in ESI Fig. S7b and S8b.7 Subsequently, we found
average dwell times of 0.7 and 2.2 s, respectively, implying that
3SL departs from the PR8 virus more rapidly with an apparent
dissociation constant of 1.4 s™* than 6SL with a rate of 0.5 s
(Fig. 4e). As a resultant, these values are approximate to the
previous result from the AFM-based single-molecule force
measurement combined with optical trapping and fluo-
rescence spectroscopy that presented low interaction forces

This journal is © The Royal Society of Chemistry 2020
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associated times in (a). (c) The statistical distribution of step transition
depicted in (b). The average values are highlighted with asterisks.

between the virus and receptor and deduced dissociation con-
stants ranging from 0.2 to 1.2 s~' through a combination of
various influenza virus strains and cell types.*’ Overall,
without conducting combinatorial studies through several bio-
physical experiments, the multimodal SMSP enables us to
uncover dynamic interactions of a cellular receptor on the viral
surface by quantifying their binding preference as well as
association/dissociation kinetics on single viruses.

More generally, single nanoparticle tracking studies have
thus far mainly focused on the imaging of sole nanoparticles
themselves to investigate biological activities, such as their
intracellular penetration.®?*** However, the target-finding pro-

This journal is © The Royal Society of Chemistry 2020

numbers of the specific (upper) and nonspecific (lower) interactions as

cesses and interactions of nanobioparticles, such as viruses,
with the cellular molecules, which play a pivotal role in cellular
signal transduction or viral entry, could be unambiguously
understood when multi-parametric information is collected
from both interacting reactants. To the best of our knowledge,
this is the first report presenting real-time imaging, at both
the single molecule and single virus levels, to quantitatively
rationalize kinetics of time-reversible association and dis-
sociation. Therefore, our imaging assay can broadly contribute
to related areas such as cell signaling studies and drug devel-
opment involving immune regulation of antivirals or neutraliz-
ing activity of vaccinated serum against viruses.
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Conclusion

In summary, we demonstrated a multi-level wide-field imaging
modality that enables the simultaneous assignment of target
and non-target binding events in the detection area. Its
working principle is based on the ability for parallel imaging
of single-nanoparticle scattering and single-molecule fluo-
rescence emitted from viral particles and labeled antibodies
(or receptors), respectively. Our microscopic methodology
allows selective collection of target interactions of antibodies
(proteins) or receptors (even chemicals) on the viral surface in
the presence of abundant non-target events. Consequently, it
was found that the surface of the influenza virus PRS is recog-
nized by 2 or 3 copies of anti-HA antibody or cellular receptors.
Even though the virus has no binding preference for the struc-
turally different isomeric receptors, its binding is stronger to
6SL compared to 3SL. In this regard, our work could also con-
tribute to the optimization of conventional bulk-assays and
nanobioplasmonic sensors for fundamental investigation of
innate immune responses and for application to antiviral drug
screening. Moreover, by diversifying detection channels com-

7570 | Nanoscale, 2020, 12, 7563-7571

bined with multiple excitation sources, selective binding of
different kinds of antibodies or receptors to different subtypes
of viruses can also be examined.
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