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Cellular signaling pathways play crucial roles in cellular functions and design of effective therapies.
Unfortunately, study of cellular signaling pathways remains formidably challenging because
sophisticated cascades are involved, and a few molecules are sufficient to trigger signaling responses of
a single cell. Here we report the development of far-field photostable-optical-nanoscopy (PHOTON)
with photostable single-molecule-nanoparticle-optical-biosensors (SMNOBS) for mapping dynamic
cascades of apoptotic signaling pathways of single live cells in real-time at single-molecule (SM) and
nanometer (nm) resolutions. We have quantitatively imaged single ligand molecules (tumor necrosis
factor o, TNFa) and their binding kinetics with their receptors (TNFR1) on single live cells; tracked
formation and internalization of their clusters and their initiation of intracellular signaling pathways in
real-time; and studied apoptotic signaling dynamics and mechanisms of single live cells with sufficient
temporal and spatial resolutions. This study provides new insights into complex real-time dynamic
cascades and molecular mechanisms of apoptotic signaling pathways of single live cells. PHOTON
provides superior imaging and sensing capabilities and SMNOBS offer unrivaled biocompatibility and
photostability, which enable probing of signaling pathways of single live cells in real-time at SM and
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Introduction

Binding of a few ligand molecules with their receptors on single
live cells can initiate dynamic cascades of signal transduction,
and alter cellular functions and cause diseases.”® Currently,
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primary tools for study of such dynamic cascades are conven-
tional ensemble non-real-time means, which cannot offer
molecular and dynamic insights into cellular signaling pathways.
Despite extensive studies over decades, few signaling pathways
are fully understood and it remains formidably challenging to
depict molecular mechanisms of signaling pathways in real-
time.*5 Thus, it is vital to develop new tools for real-time
molecular study of signaling pathways of single live cells with
both temporal and spatial resolutions.

In this study, we have developed and used new imaging tools,
PHOTON, to study molecular mechanisms and cascade
dynamics of signaling pathways of single live cells in real-time at
SM and nm resolutions. PHOTON uses single molecule silver
nanoparticle (Ag NP) optical-biosensors (SMNOBS) as imaging
probes. It consists of a standard dark-field optical microscope
with a halogen-lamp illuminator and Multispectral Imaging
System (MSIS) for spectral isolation of individual SMNOBS
with 1 nm wavelength resolution.

Ag NPs possess distinct plasmonic optical properties and
exceptionally high quantum yield of Rayleigh scattering that are
orders of magnitude higher than fluorophores (e.g., R6G).5*°
They resist photobleaching and photoblinking.’*** These
distinct optical properties enable us to image single Ag NPs as
small as 2 nm in diameter using dark-field optical microscopy
and spectroscopy (DFOMS).1:11:13-19 We have used such small
Ag NPs for sensing single biomarker molecules, probing ligand—
receptor (L-R) interactions, and imaging single live cells and
embryos in real-time at nm spatial and millisecond temporal
resolutions. '

Unlike fluorescence-based microscopy and nanoscopy,
PHOTON detects Rayleigh scattering (but not fluorescence
emission) of single Ag NPs with a white-light illuminator
(no need for laser excitation sources). These approaches
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effectively overcome autofluorescence of live cells, photo-
bleaching and phototoxicity of imaging probes, which are typical
drawbacks directly associated with fluorescence imaging
methods. Using intrinsic poly-dispersed localized surface plas-
mon resonance (LSPR) spectra of individual NPs, PHOTON
effectively overcomes the need for switching on and off fluo-
rophores widely used by fluorescence-based super-resolution
microscopy.'>* Multiple cycles of switching on and off fluo-
rophores are time consuming and cause phototoxicity toward
living organisms.

Recently, we have demonstrated that PHOTON can map
individual binding sites of single protein-ligand complexes, and
achieve up to 1.2 nm spatial resolution.'? This previous study
validates super-resolution capabilities of PHOTON.

To shed new light on cellular signaling pathways and to
demonstrate the proof-of-concept, in this study, we use
PHOTON to investigate ligand (TNFa)-induced apoptotic
signaling pathways of single live cells (L929) in real-time at SM
and nm resolutions. Notably, apoptosis is an essential cellular
process required for normal development. Defective apoptotic
signaling pathways lead to numerous diseases.

TNFa is a pro-inflammatory cytokine that mediates a wide
variety of cellular responses.**>?* Numerous pathological condi-
tions, including cancers, heart diseases, diabetes, and autoimmune
diseases, overproduce TNFa, making TNFa an effective
biomarker for diagnosis and treatment of a wide range of
diseases.’**2¢ Soluble TNFa. (STNFa, used in this study) binds with
its receptors (TNFR1). Such binding reactions initiate dynamic
cascades of cellular signaling and lead to cellular apoptosis.>?72°

Despite extensive studies over decades, molecular mechanisms
of TNFo-TNFRI1 induced apoptotic signaling pathways, espe-
cially their dynamics, remain poorly understood.?*=! It is unclear
how many TNFa molecules are needed to bind with their
receptors on each cell in order to initiate endocytosis and
apoptosis, how long each step in dynamic cascades of signaling
will take, and their dependence on the number of ligand and
receptor molecules. It is entirely unknown how individual L-R
complexes form clusters on the surface of single cells and whether
single L-R complexes or/and their clusters internalize into the
cells. Thus, it is crucial to address these vital questions, in order
to fully understand cellular functions of TNFa for effective
disease diagnosis and treatment.

Results and discussion
Synthesis and characterization of SMNOBS

Ag NPs were synthesized and characterized as described in the
Experimental section. High-resolution TEM images of single
NPs and histogram of their size distribution (Fig. 1A and B)
show spherical NPs with average diameters of 2.6 + 1.1 nm.
Plasmonic images and LSPR spectra of single NPs (Fig. 1C
and D) show blue and cyanic NPs with their peak
wavelength (A,.x) and full-width-of-half-maximum (FWHM),
Amax (FWHM), ranging from 439 (55) to 496 (64) nm. The results
indicate polydisperse plasmonic properties of single Ag NPs, and
demonstrate that multiple individual NPs can be imaged and
characterized simultaneously at single NP resolution. The results
also underscore the importance of the study of plasmonic optical
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Fig. 1 Characterization of sizes and optical properties of single silver
nanoparticles (Ag NPs): (A) HRTEM image of single Ag NPs and (B)
histogram of size distribution of single NPs show single spherical NPs
with average diameters of 2.6 & 1.1 nm. (C) Dark-field optical image and
(D) LSPR spectra of single NPs show plasmonic blue and cyanic NPs, as
squared in (C), with A, (FWHM) at (a) 439 (55), (b) 442 (62), (c) 448
(64), (d) 460 (62), (¢) 473 (64), (f) 482 (60), (g) 492 (64), (h) 496 (64), and (i)
508 (66) nm. The scale bars in (A) and (C) are 2 nm and 5 pum, respec-
tively. The scale bar in (C) shows the distances between single NPs, but
not the sizes of single NPs, due to the optical diffraction limit.

properties of individual NPs, rather than ensemble measure-
ments of bulk NPs.

The Ag NPs were then functionalized with a monolayer of
mixed MUA (11-mercaptoundecanoic acid) and MCH (6-mer-
capto-1-hexanol) via interactions of their —-SH groups with the
surface of Ag NPs to synthesize AgMMUA NPs (Fig. 2A). Some
citrate molecules adsorbed onto the surface of Ag NPs were
replaced by MUA and MCH via SN2 replacement reactions,
owing to higher affinity of their —-SH groups with the surface of Ag
NPs than electrostatic interactions of citrates with the surface of
Ag NPs."" NMR spectra of AgMMUA NPs (Fig. S1 in the ESIY)
show a molar ratio of the surface functional molecules, cit-
rate : MCH : MUA : PVP at 24:5:1:0.02, which indicates
nearly absence of PVP. The cross-sectional (footprint) areas of
one citrate, MCH and MUA molecule adsorbed onto the surface
of NP are 0.514, 0.0458 and 0.0459 nm?, as illustrated in Fig. S21
by a close-packing model, respectively.!* Thus, the total footprint
areas of 24 citrate, 5 MCH and one MUA molecules are 12.6 nm?.
The surface area of the NP (2.6 + 1.1 nm in diameter) is 21.1 nm?.
Thus, much less than 48 citrates, 10 MCH and 2 MUA molecules
are physically possible to attach onto one NP. Therefore, one
MUA (one carboxyl group) is attached onto one NP.

Since only one carboxyl group (MUA) is available per NP, one
carboxyl group can only conjugate with one amine group of
TNFa via a peptide bond, no matter how many amine groups are
available in a protein (TNFa) molecule. This simple approach
limits one NP to be conjugated with one TNFa molecule via
a peptide bond and enables synthesis of intrinsic SMNOBS
(AgMMUA-TNFa NPs) with one TNFa molecule per NP
(Fig. 2B).
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Fig. 2 Synthesis and characterization of SMNOBS. (A) Functionaliza-
tion of Ag NPs with a monolayer of mixed MUA and MCH using the
interaction of their thiol groups (—SH) with the surface of Ag NPs to
prepare AgMMUA NPs with one MUA (carboxyl group) per NP,
as characterized in Fig. S1 and S2f. (B) Synthesis of SMNOBS
(AgMMUA-TNFa NPs) by linking the carboxyl group of the MUA (one
per NP) on AgMMUA NPs with the amine group of TNFa via a peptide
bond mediated by EDC and sulfo-NHS. (C) Dark-field optical images,
(D) characterization of photostability, and (E) LSPR spectra of indi-
vidual SMNOBS show single plasmonic green NPs with A, from 531 to
617 nm, and FWHM from 66 to 82 nm, and that SMNOBS resist
photodecomposition and blinking. The scale bar in (C) is 5 pm, showing
the distances among SMNOBS, but not their sizes, owing to the optical
diffraction limit.

The diameters of Ag, AgMMUA, and AgMMUA-TNFa NPs
measured by dynamic light scattering (DLS) are 2.6 + 1.1, 3.6 +
1.6, and 9.8 £ 3.7 nm, respectively. The results further demon-
strate one MUA molecule (length = 3.7 nm; diameter = 0.21 nm)
per NP and one TNFa molecule (length = 6.1 nm; diameter =
5.4 nm; PBD: 2TNF) per NP (SMNOBS). If there were more
than one MUA (or TNFa) molecule attached on the surface of
the NP, each MUA (or TNFa) molecule would line up on the
opposite side of the NP to create stable structures, owing to the
charge repulsion of the molecules. The alignment would have led
to the AgMMUA NPs and SMNOBS with much larger diame-
ters than those measured by DLS.

Polydispersed and photostability of plasmonic properties of
SMNOBS

Dark-field optical images of individual SMNOBS (Fig. 2C and
E) show plasmonic green NPs and distinct A,,,x of LSPR spectra,
ranging from 531 to 617 nm, and FWHM from 66 to 82 nm. The
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LSPR spectra of SMNOBS (Fig. 2) are red-shifted and broader,
in comparison with those of Ag NPs in Fig. 1, which is attributed
to their surface functional groups. The surface functional groups
(MUA-TNFa, MCH) lead to chemical interface damping,
decrease surface reflectivity, change surrounding environments
and dielectric constants of Ag NPs, and increase the effective
radii and aspect ratio of single NPs, which lower the LSPR
energy and cause the red-shift of LSPR spectra.®®3* The larger
effective radii also lead to the longer dephasing time (73) and
broader LSPR spectra with larger FWHM than those of the
smaller NPs.3?

The result in Fig. 2E demonstrates that none of individual
SMNOBS has the same LSPR spectrum due to their high
dependence on their sizes, shapes and surrounding environ-
ments.®® The LSPR spectrum of each SMNOBS is effectively
distinguished rapidly and simultaneously by MSIS, which
enables individual NPs to serve as independent optical probes for
multiplex imaging and sensing. In our recent study, we have
demonstrated that such intrinsic poly-dispersed LSPR properties
of SMNOBS of biotin molecules can serve as multi-spectral
(color) imaging probes for sub-diffraction imaging; and we have
validated spatial resolutions (up to 1.2 nm) of PHOTON.'?

Scattering intensity of individual SMNOBS of TNFa remains
constant over time under continuous irradiation of dark-field
illumination (Fig. 2D), showing their superior photostability
(non-photobleaching, non-photoblinking). Such superior pho-
tostability is essential to real-time tracking of binding, diffusion
and clustering of single molecules and dynamic cascades of
signaling pathways of single live cells for desired periods of time.

Binding affinity, specificity and dynamic ranges of SMNOBS

To determine the possible steric effects of NPs on the binding
affinity of TNFa, we measured the binding constant (affinity) of
SMNOBS with MAB in the PBS buffer by measuring the
absorbance of SMNOBS (50 nM) incubated with their MAB
(0, 10, 100, 200, and 500 nM) over time, respectively.''* We used
MAB of TNFa, instead of TNFRI1, because TNFRI1 is
a membrane protein and subject to aggregation in the buffer, and
MAB and TNFRI1 share the same binding site of TNFa.3*

As SMNOBS were incubated with MAB, absorbance of
UV-vis absorption spectra of SMNOBS decreased over the
incubation time, and their A, at 414 & 2 nm remained essen-
tially unchanged (Fig. S3AT), suggesting that SMNOBS bound
with MAB and the bound SMNOBS did not contribute signifi-
cantly to the absorption and scattering of unbound SMNOBS.
The binding of SMNOBS with MAB led to the decrease of
reflectivity and scattering quantum efficiency of NPs, and the
increase of effective radii of NPs, which lower the absorbance
and scattering of NPs.*®3 The unchanged A, of absorption
spectra of SMNOBS also shows that individual SMNOBS
remain un-aggregated as they bind with MAB, and further
demonstrates that NPs conjugated with TNFa (one TNFa per
NP) do not lead to their aggregation. Otherwise, we would have
observed the red-shift of the A, if the aggregation of SMNOBS
occurred.

The plot of the peak absorbance subtracted from baseline
(AA) versus time in Fig. S3BT exhibits high linearity during the
first 40 min of incubation time (Fig. S3Ct), and then remains

constant, suggesting that the binding of SMNOBS with MAB is
a first-order reaction. Binding constant (4.1 x 10°) and associ-
ated rate constant (1.7 x 10> M~! s7') are calculated using the
approaches as we described previously,'** which agree well with
those reported in the literature.>® The results demonstrate that
the TNFoa conjugated with AgMMUA NPs retains its
affinity and NPs do not create steric effects on their binding
with MAB.

Plot of the maximum decreased peak absorbance
(AA.x = absorbance of SMNOBS prior to their binding with
MAB — absorbance of SMNOBS bound with MAB at equilib-
rium) versus concentration of MAB (Fig. S3D+) shows the linear
calibration curve, indicating that AA,,, is proportional to
the concentration of MAB, and the dynamic range of SMNOBS
is 0-500 nM. Blank control experiments were performed by
incubating SMNOBS with BSA (500 nM) over time, which
shows that the absorbance of SMNOBS remains essentially
unchanged over time and the absorbance is independent of BSA
concentration.

Design of PHOTON for real-time super-resolution SM imaging
of single live cells

We then used SMNOBS as imaging probes and designed
PHOTON to image TNFa-induced apoptotic signaling path-
ways of single live cells (L929) in real-time at SM and nm reso-
lutions. As illustrated in Fig. 3, sequential dark-field optical
images of (A) SMNOBS binding, diffusion and clustering on the
surface of single live cells and (B) their internalization into the
cell (5 pm in-depth inside the cells), are acquired over time using
PHOTON. Simultaneously, sequential intracellular fluorescence
images of Magic Red (assay used to monitor cellular apoptosis)
are acquired using epi-fluorescence microscopy (C).

Magic Red caspases 3/7 assay can penetrate into live cells and
determine apoptosis-related DEVDase enzyme activity in live
cells.?® Caspase-3 is the most important caspase of the execu-
tioner caspase group.’” The Magic Red (cresyl violet fluo-
rophore), (DEVD)2 caspase 3/7 fluorogenic substrate, is
primarily targeted by the apoptotic protease cascade (caspases
3/7). When the Magic Red is di-substituted with two DEVD
caspase-3/7 target sequences, it is non-fluorescent. As apoptosis
occurs and progresses, caspase activity increases. The active form
of caspases 3/7 in apoptotic cells causes the hydrolysis of the
DEVD target sequences of the Magic Red, and converts it to the
fluorescent form, which displays intense red fluorescence inside
the cells.

As an example, dark-field optical images of SMNOBS bound
with their receptors on single live cells are shown in Fig. 4A.
LSPR spectra of the bound SMNOBS (L-R complexes) and
scattering background of the cellular membrane (Fig. 4B) show
that distinct plasmonic properties (green colors) of SMNOBS
(Fig. 4C and D) enable them to be distinguished from the cells
that appear white under a dark-field optical microscope. The
scattering intensity of spot-(a) is ~4 times higher than that of
spot-(b) (Fig. 4B), showing that spot-(a) consists of 4x more
number of single L-R complexes located within the optical
diffraction limit than spot-(b). Note that scattering intensity of
the cluster of SMNOBS is proportional to their number 581012

2800 | Nanoscale, 2012, 4, 2797-2812

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2nr11739h

Downloaded by Old Dominion University on 18 April 2012
Published on 04 January 2012 on http://pubs.rsc.org | doi:10.1039/C2NR11739H

Optical

PHOTON

PHOTON

C| Deconvolution

d
PSF Fitting g

Fig.3 Design of PHOTON for real-time super-resolution SM imaging of dynamics and mechanisms of apoptotic signaling pathways of single live cells.
Dark-field optical imaging of: (A) single SMNOBS binding with TNFR1 to form single L-R complexes (bound SMNOBS) on the surface of single cells
and (B) internalization of the clusters of single L-R complexes into the cell (5 pm in-depth from the cell surface): (a) zoom-in images of that squared in
(B), as an example; (b) subtraction of (a) from scattering intensity of the cellular background spectrally; (c) images of the clusters of single L-R
complexes are deconvoluted using LSPR spectra of single SMNOBS, (d) which are fitted by PSF to determine the number and locations of each complex;
(e) distributions of multiple (20) measurements of (c and d) are fitted by 2D-Gaussian to determine the number and precise locations of bound SMNOBS
at nm resolution; (f) scattering intensity of cellular background subtracted in (b) is added back to the super-resolution images in (e); and (g) assembly of
(f) into super-resolution images of individual complexes on/in single live cells. (C) Fluorescence image of Magic Red (apoptosis assay) in single cells

shows intense red fluorescence, indicating the apoptotic cell.

Stacks of such plasmonic images (image cubes) of single
AgMMUA-TNFa-TNFR1 NPs (SMNOBS bound with
TNFR1, L-R complexes) on and inside single live cells were
acquired from 450 to 700 nm at each nm (1 nm spectral resolu-
tion) with 100 ms exposure time using MSIS. The broad LSPR
spectra of clusters of the bound SMNOBS located within the
optical diffraction limit in spots (a) and (b) were deconvoluted
using the LSPR spectra of individual SMNOBS via the Cauchy—
Lorentz model, as described by eqn (2)—(7) in the Experimental
section.’??#3% The results (Fig. S4At) show four deconvoluted
LSPR spectra of individual SMNOBS in spot-(a), indicating that
it contains four bound SMNOBS. In contrast, one LSPR spec-
trum (Fig. S6AT) was found for spot-(b), showing that one
bound SMNOBS was present. The image of each SMNOBS with
its deconvoluted spectrum was fitted by the point-spread-func-
tion (PSF) to determine their precise locations (centroids), as
described by eqn (8) and (9) in the Experimental section
(Fig. S4B and S6BT).!?

The measurements were repeated 20 times, generating distri-
butions of the centroids, which were fitted by 2D Gaussian to

determine their precise locations with statistic accuracy, as
described by eqn (8) and (9) in the Experimental section (Fig. S5
and S77). Contour plots of the fittings (Fig. 4E and F) show four
individual complexes with their precise locations for spot-(a),
and one complex with its precise location for spot-(b). They are
in contrast with their optical diffraction-limited images in
Fig. 4C and D, which are unable to distinguish locations and
number of SMNOBS.

Using the same approaches, the total number of L-R
complexes in every spot (cluster) on the surface of every cell
(Fig. 5A) and inside the cells (Fig. 5B) was determined over
time. Images in Fig. 5 serve as examples to demonstrate super-
resolution images of PHOTON in (b) and (d), which show
precise locations and numbers of individual L-R complexes
(bound SMNOBS), in contrast with their blurry optical-
diffraction limit images in (a) and (c), which cannot distinguish
individual bound SMNOBS. Around 10 individual cells similar
to those in Fig. 5 were studied simultaneously over 900 min for
each measurement, and 26 cells in total were studied for each
experiment (Table S17).

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Super-resolution SM imaging of single L-R complexes (bound
SMNOBS) on single live cells using PHOTON. (A) Dark-field optical
images of bound SMNOBS on single cells, as circled and labeled by (a)
and (b), show distinctive plasmonic properties (green colors) of
SMNOBS. (B): (a and b) LSPR spectra of the bound SMNOBS in spot
(a) and (b) in (A), and (c) scattering background of the cell membrane.
Nearly four times higher scattering intensity of bound SMNOBS in spot-
(a) than spot-(b) is observed. (C and D) Zoom-in images of the spots
circled in (A). (E and F) Contour plots of the number and precise loca-
tions (centroids) of individual L-R complexes show four L-R complexes
and one complex in spots (a) and (b), respectively. The scale bars are
20 um in (A) and 2 um in (C-D).

Determination of spatial and temporal resolution of PHOTON

The spatial resolution of a far-field optical microscope in two
dimensions has been described previously by Thompson et al.,*
as shown in eqn (1):

8mSth?

S? a?
N a’N?

N+12N

o= (1)
where ¢ is the uncertainty of the centroid (position) of an object;
S is the standard deviation of PSF; a is the pixel size of the
imaging detector; b is the standard deviation of background
noise; and N is the number of collected photons.

The equation shows that far-field optical microscopy can
achieve spatial resolution far beyond the optical diffraction limit,
if sufficient amount of photons (V) from the object is collected.

We measured the number of photons (N) that each surface or
internalized bound SMNOBS scattered and recorded by CCD
camera, and used eqn (1) to calculate the spatial resolution of
PHOTON.

The number of photons that individual bound SMNOBS
scattered ranges from 9.1 x 10° to 1.3 x 10* with an average of
(1.1 £0.1) x 10*%. The standard deviation (S) of PSF is (151 + 4)
nm; the standard deviation of the background noise (b) is
(4.3 £+ 0.3); and the pixel size of the CCD camera (a) is 100 nm.

The spatial resolution (¢) of PHOTON calculated by eqn (1)
shows that PHOTON has achieved spatial resolution up to
1.3 nm with averages of (1.5 + 0.2) nm.

Such high spatial resolutions of PHOTON have also been
validated experimentally in our previous study.'? It is worth
noting that the quantum efficiency (QE) of the CCD camera of
450-700 nm ranges from 0.58 to 0.46, respectively. Thus,
PHOTON would potentially achieve sub nm (A) spatial resolu-
tion with a more sensitive CCD camera (QE = 0.8).

The temporal resolution of PHOTON relies upon the exposure
time at each given wavelength to gain sufficient S/N ratios of
single SMNOBS, while the observational resolution depends
upon the spectral resolution, wavelength range and exposure
time. For 1 nm spectral resolution with 250 nm wavelength range
(450-700 nm) and 100 ms exposure time at each wavelength, it
takes 25 s to obtain 1,447,680 spectra of each pixel of the full-
frame image (1392 x 1040) for imaging of single SMNOBS
bound with TNFR1 on/in single live cells at 1.3 nm spatial
resolution. Thus, the temporal resolution is 100 ms and obser-
vation resolution is 25 s.

Notably, single SMNOBS can be detected with 5 ms exposure
time using the MSIS. The wavelength ranges of single NPs could
be narrowed to Apa, + 5 nm (10 nm within A,,,, of LSPR spectra
of single NPs), which would achieve 5 ms temporal resolution
and 50 ms observation resolution.

Each SMNOBS shows a distinct LSPR spectrum (none of
them is the same, Fig. 2E) and hence they can serve as multi-
spectral (color) imaging probes for sub-diffraction imaging, as
we demonstrated previously.’* Such unique plasmonic optical
properties effectively overcome the needs of multiple cycles of
switching on and off fluorophores required by fluorescence
nanoscopy, which potentially enables PHOTON to achieve much
higher temporal resolutions.

Note that NPs (SMNOBS) scatter all visible wavelengths of
light, as they are illuminated by a microscope illuminator
(halogen lamp). Thus, the scattering intensity of single SMNOBS
is the sum of scattering intensity at each wavelength of their
LSPR spectra. Scattering intensity of single SMNOBS is orders
of magnitude higher than fluorescence intensity of a single fluo-
rophore (R6G), which permits single NPs to be detected and
characterized by MSIS. The MSIS is equipped with an electric-
cooled CCD camera (SonyICX 285) and LCTF (liquid-crystal
tunable filter). This CCD camera is neither an EMCCD nor an
ICCD. Thus, the recent report about potential modification of
eqn (1) due to noise of EMCCD*! is unrelated to this study. The
LCTF allows rapid and simultaneous acquisition of LSPR
spectra and images of multiple single NPs with 1 nm spectral
resolution, enabling poly-dispersed NPs to serve as multicolor
probes for super resolution imaging.'?

Real-time probing of dynamic cascades of apoptotic signaling
pathways of single live cells

We utilized PHOTON to image dynamic cascades of apoptotic
signaling pathways of single live cells in real-time, which include
binding of individual TNFa molecules with TNFR1 to form
single L-R complexes and clusters of single complexes, their
internalization (endocytosis), and subsequent cellular apoptosis.
Representative snapshots of sequential super-resolution optical
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Fig. 5 Comparison of (a and c) optical diffraction-limited images and (b and d) super-resolution PHOTON images of single L-R complexes (bound
SMNOBS): (A) on the surface and (B) inside single live cell (internalized SMNOBS), demonstrates superior super-resolution imaging capability of
PHOTON. Zoom-in images of those squared in (a and b) are shown in (c and d). Scale bars are 10 um in (a and b) and 0.5 um in (c and d).

images of a single cell with the surface and internalized bound
SMNOBS (complexes) are shown in Fig. 6 (Video S1t). More
than 10 cells are imaged at single-cell level simultaneously, and 26
individual cells are studied for three repeated measurements of
each experiment. To clearly illustrate individual L-R complexes
(bound SMNOBS), a representative cell in each experiment
(Fig. 6) and each control experiment (Fig. 7, S8 and S9%) is
shown.

The sequential 2D images of the surface and cross-section of
single live cells (5 pm in depth from the membrane surface)
(Fig. 6) serve as effective and representative detection areas
(volumes) to determine the number of bound SMNOBS on the
surface of live cells, and inside the cells over time, respectively.
This approach enables us to track the binding kinetics of single
ligand with its receptor molecules, their diffusion and formation
of their clusters on the surface of single cells, as well as the
internalization of their clusters into the cells, and subsequent
formation of larger internalized clusters inside the cells.

Plots of the number of surface L-R complexes of eight
representative single cells (one line for each cell) versus their
incubation time (Fig. 8A) show that the number of single L-R
complexes on the surface of cells (surface complexes) and their
binding kinetics vary widely among single cells. Plots of the
number of internalized L-R complexes of single cells versus their

incubation time (Fig. 8B) show that the number of single L-R
complexes inside the cells (internalized complexes) and their
internalization kinetics vary greatly among single cells. The cells
with higher number of surface complexes have the higher number
of internalized complexes.

The results show that the number of surface complexes of
single cells increases with time and then decreases. In contrast,
the number of internalized complexes starts to increase over time,
60-201 min after the formation of surface L-R complexes, and
the delay varies widely among individual cells. The cells with
higher number of surface complexes initiate internalization much
sooner than those with the lower number. As internalization
occurs, the number of surface complexes continues to increase
and reaches a maximum prior to the decrease, indicating that
binding of TNFa with TNFR1 continues and that their binding
rates are higher than their internalization rates. As the internal-
ization rates exceed the binding rates, the number of surface
complexes decreases, while the number of intracellular
complexes continues to increase.

Plots of the number of surface and internalized complexes of
26 single cells (one point for each cell) at their respective
apoptosis time (as apoptosis starts) (Fig. 8C and D) show high
dependence of apoptosis time of single cells upon the number of
both their surface and internalized complexes. Wide ranges of
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Fig. 6 Real-time tracking of dynamics and mechanisms of apoptotic pathways of single live cells incubated with SMNOBS (4.6 nM) over time using
PHOTON. Snapshots of sequential dark-field super-resolution optical images of: (A) SMNOBS bound with TNFR1 to form single L-R complexes on
the membrane of a live cell; (B) internalization of clusters of single L-R complexes into the cell (5 um in-depth from the cell surface); and (C) fluorescence
images of Magic Red (apoptosis assay) of the cytoplasm of the cell in (B), at (a) 0, (b) 12, (c) 81, (d) 108, (e) 160, (f) 342, and (g) 520 min. See real-time
Video S11. More than 10 cells (as one shown here) are imaged at single-cell level simultaneously for 900 min, and 26 individual cells are studied for three
repeated measurements. The temporal and observation resolutions are 100 ms and 25 s, respectively. Scale bars are 10 pm for all images.

apoptosis time (t,) are observed among single cells (Table S17).
Single cells with higher number of surface and internalized
complexes exhibit earlier apoptosis than those with less number.
By fitting the data points (measurements) of 26 cells using
exponential equations (Fig. 8C and D), the minimal (critical)
number of surface and internalized complexes for a cell to initiate
apoptosis is determined as 21 and 33 complexes (TNFa mole-
cules), respectively.

We also used PHOTON to track the diffusion of single L-R
complexes, and to determine the formation of their clusters and
the number of individual complexes (sizes) of each cluster in real-
time at 1.3 nm resolution. We found that single surface
complexes diffused to form small clusters on single cells, prior to
their internalization into the cells. Plot of the number of surface
complexes at the initial clustering time (as individual complexes
start to form the clusters) shows that the timing of initiation of
clustering of single L-R complexes highly depends upon the
number of surface complexes. Initial clustering time varies
dramatically among individual cells (Fig. 8E). Single cells with
higher number of surface complexes form the clusters sooner
than those with the lower number.

A plot of the number of surface clusters (each cluster with 2 or
more complexes) of 26 cells at its respective internalization time
(as initial internalization of clusters starts) (Fig. 8F) shows that
individual cells have a wide range of initial internalization times.
Single cells with higher number of surface clusters initiate their
internalization sooner than those with lower number.

By fitting the data points (measurements) of 26 cells using
exponential equations (Fig. 8E and F), the minimal number of
surface complexes required for initiating the formation of
the clusters is 19 (TNFa molecules) per cell, while only one
cluster (2-complexes) per cell is needed for initiating its inter-
nalization. Interestingly, apoptosis of single cells occurs (t,) at
222 to 519 min, varying widely among single cells, and only after
endocytosis (t.) of the clusters of single complexes (Table S17).

Control experiments. The cells incubated with either medium
alone or AgMMUA NPs (4.6 nM, absence of TNFa; blank
control), or un-labeled TNFa (4.6 nM; positive control)
were preformed simultaneously with the same number of cells
(~10 cells per measurement and 26 cells in total for each control
experiment) using the same approaches as described above.
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Fig. 7 Real-time tracking of dynamics and mechanisms of apoptotic pathways of single live cells incubated with TNFa (4.6 nM) (positive control
experiment of Fig. 6). Snapshots of optical images of a single live cell: (A) on the membrane surface and (B) inside a live cell (5 pm in-depth from the cell
surface); (C) fluorescence images of Magic Red (apoptosis assay) of the cytoplasm of the cell in (B), at (a) 0, (b) 12, (c) 81, (d) 108, (e) 160, (f) 342, and (g)
520 min. About 10 individual cells are imaged simultaneously for 900 min, and more than 26 individual cells are studied for three measurements.
The percentages of cells that became apoptotic were 3.8% at 282 min, 15.4% at 342 min, 15.4% at 360 min, 23.1% at 381 min, 11.5% at 402 min, 7.7% at
462 min, 7.7% at 520 min, 3.8% at 582 min, 3.8% at 621 min, 4.0% at 642 min and 3.8% at 720 min. The temporal resolution is 100 ms and observation

resolution is 25 s. Scale bar is 10 um for all images.

Sequential dark-field optical images (Fig. SSABY) and fluo-
rescence images (Fig. S8Ct) of one representative cell of 26 cells
incubated with the medium show the absence of red fluorescence
of apoptosis assay (Magic Red), demonstrating that the cell
remains non-apoptotic for 900 min over the course of entire
experiment. Thus, the apoptotic cells observed in Fig. 6 are not
attributed to the long period of imaging time, but binding with
SMNOBS.

Sequential dark-field optical images (Fig. S9ABt) and
fluorescence images (Fig. S9Ct) of one representative cell of
26 cells incubated with AgMMUA NPs show the absence of
plasmonic green colors of SMNOBS, and red fluorescence of
Magic Red, demonstrating that AgMMUA NPs do not
attach onto the cell surface (non-specific interactions), do not
internalize into the cells and do not cause cellular apoptosis.
Note that only bound and internalized SMNOBS stay on

the focal plane of PHOTON, which enables them to be
imaged. Thus, what we observed (Fig. 6, Table S1f) is
attributed to specific binding of TNFa (AgMMUA-TNFa)
with  TNFR1 on single live cells, which led to cellular
apoptosis.

Sequential dark-field optical images (Fig. 7A and B) and
fluorescence images (Fig. 7C) of one representative cell of 26 cells
incubated with TNFa (unlabeled with NPs) show that cellular
apoptosis occurs at the same time frame (t,) as the cells incubated
with the same concentration of SMNOBS (4.6 nM), ranging
from 282 to 720 min (Table S11). The results indicate that
SMNOBS act the same way as unlabeled TNFa to initiate
cellular apoptosis; and conjugated NPs (Fig. 2A) have little
effects on the study of apoptotic signaling pathways, and NPs are
successfully used to probe single ligand induced signaling path-
ways of single cells in real-time.
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Fig. 8 Study of dependence of dynamics and mechanisms of apoptotic
pathways of single live cells on the number of single L-R complexes on/in
single cells. Plots of the number of (A) surface and (B) internalized single
L-R complexes versus incubation time of cells with SMNOBS show that
they vary widely among individual cells (each curve represents a live cell).
Plots of the number of (C) surface and (D) internalized L-R complexes of
single cells at their initial apoptosis time (as apoptosis starts) show that
the cells with higher number of surface and internalized complexes
become apoptotic sooner than those with lower number. (E) Plot of the
number of single surface complexes as they start to form the clusters
(clustering time) on the cells shows that the cells with higher number of
surface complexes start to form clusters sooner. (F) Plot of the number of
representative surface clusters (each with 3-complexes) at initial inter-
nalized time (as clusters start to internalize) shows that the cells with
higher number of surface clusters start to internalize sooner. Each point
in (C-F) represents a live cell. Points are experimental data and
dashed lines are theoretic fitting via exponential equations: (C) N, =
21 + 2.1 x 10%e7 " and (D) N; = 33 + 2.3 x 10%¢ %% where Ny, and
N; are the number of surface L-R binding complexes and internalized
complexes at the initial apoptosis time (t,), with regression (R?) of
0.89 and 0.64, respectively; (E) N = 19 + 1567 and (F) N, =
1.1+ 157¢ %9184 where Ny, and N, are the number of surface L-R binding
complexes and clusters at the initial clustering time (t.) and internalized
time (t;), with regression (R?) of 0.97 and 0.92, respectively.

Real-time study of apoptotic dynamics and mechanisms of single
live cells

To study the dependence of cellular apoptosis on sizes, number
and formation dynamics of clusters, we plot the distribution of
sizes and number of surface and internalized clusters at initial
apoptosis times for 26 individual cells (Fig. 9A, 10A). The results
show that the sizes and number of clusters and initial apoptosis
times vary widely among individual cells. Single SMNOBS binds
with TNFR1 on the surface of single cells to form single L-R
complexes (tp), following the formation of their clusters, then
internalization of the clusters (t.), which finally lead to apoptosis
(t,) of the cells (Table S1f). The formation of surface clusters

occurs prior to their internalization into the cells, and none of
single L-R complexes is observed inside the cells, which indicate
that formation of clusters on the surface of cells is essential to
their internalization. Furthermore, apoptosis occurs (t,) only
and long after internalization of clusters occurs (t.), and only
cells with internalized clusters become apoptotic, which shows
that the formation of surface clusters and their internalization
are essential to cellular apoptosis.

To clearly present formation of various sizes and number of
clusters on/in individual cells over time, we select four repre-
sentative cells from 26 individual cells (cells 1, 4, 16, and 26 in
Table S1t) as examples, and plot the number of various sizes of
the surface and internalized clusters versus incubation time
(Fig. 9B and 10B).

Cell-1 (Fig. 9a and 10a) has the largest surface and internalized
clusters (each with 5-6 complexes) and its apoptosis starts the
soonest at 282 min. In contrast, cell-4 (Fig. 9b and 10b) has
the same number of smaller surface and internalized clusters
(24 complexes) as cell-1, but not large clusters; its apoptosis
starts much later at 342 min. Cell-16 (Fig. 9c and 10c) and cell-26
(Fig. 9d and 10d) have the smallest clusters (2-3 complexes) only,
and both show much slower apoptosis at 406 and 720 min than
those cells with large clusters (cell-1 and cell-4), respectively.
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Fig. 9 Real-time study of dependence of apoptotic dynamics of single
live cells upon the number and sizes of their surface clusters. (A) Number
of surface clusters (each with 2—6 complexes) at initial apoptosis times of
single live cells varies widely among single cells. Each group of bars
represents one of 26 cells in Table S1+. (B) Plots of the number of surface
clusters versus incubation time for four representative individual cells: (a)
cell-1; (b) cell-4; (c) cell-16; and (d) cell-26 show that their initial apoptosis
occurs at 282, 342, 402 and 720 min, as indicated by a vertical dashed line,
respectively. Six symbols represent various sizes of the clusters, each with
(A) 2; (9) 3;(0)4; (/\) 5; and (T1) 6 L-R complexes.
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Fig. 10 Real-time study of dependence of apoptotic dynamics of single
live cells upon the number and sizes of their internalized clusters. (A)
Number of internalized clusters (each with 2-6 complexes) at initial
apoptosis times of single live cells varies broadly among individual cells.
Each group of bars represents one of 26 cells in Table S17; (B) plots of the
number of clusters versus incubation time for four representative cells: (a)
cell-1; (b) cell-4; (c) cell-16; and (d) cell-26 show that their initial apoptosis
occurs at 282, 342, 402 and 720 min, as indicated by a vertical dashed line,
respectively. Eight symbols represent various sizes of the clusters with
each cluster of (A) 2, () 3, (0) 4, () 5. () 6, (+) 7, ({)) 8, and (3¢) 9 L-R
complexes.

Cell-16 has about 20 times more surface clusters and twice more
internalized clusters (3-complexes) than cell-26, and it shows
much sooner apoptosis than cell-26. The results show the high
dependence of cellular apoptosis dynamics upon the sizes and
number of surface and internalized clusters. The cells with larger
sizes and higher number of larger surface and internalized clus-
ters become apoptotic faster than those cells with smaller sizes
and less number of clusters.

We also observed the high dependence of internalization
dynamics of clusters upon the sizes and formation dynamics of
the surface clusters (Fig. 9B and 10B). For example, cell-1 forms
its surface clusters (each with 2-6 complexes) at 60 min of its
incubation with SMNOBS. Internalized clusters (each with 24
complexes) are observed at 102 min. Interestingly, the larger
internalized clusters (6-complexes) are found at 222 min, which is
120 min later than the observation of the smaller internalized
clusters (2-4 complexes) (Fig. 9a and 10a). The results suggest
that smaller clusters internalize faster and more favorably than
larger clusters. The higher number of smaller surface clusters
may also attribute to their faster endocytosis. As apoptosis starts
at 292 min, the surface clusters (2-6 complexes) continue to
internalize. Only long after apoptosis occurs, the internalized

clusters form the larger clusters (each with 7-9 complexes) inside
the cells at 360, 420 and 561 min, respectively. Their numbers
increase with time as apoptosis progresses.

Similar phenomena are observed for other cells. For instance,
cell-4 forms its surface clusters (each with 2-4 complexes) at 42
min, which start to internalize into the cell at 102, 120 and 141
min, respectively. As the cell initiates apoptosis at 342 min, the
surface clusters (2-4 complexes) continue their internalization.
After the cell initiates apoptosis, the internalized clusters form
larger clusters (5-7 complexes) inside the cells, at 381, 420 and
501 min, respectively. Cell-16 forms its surface clusters (each with
2-3 complexes) at 42 and 81 min, respectively, which start to
internalize at 142 min. As the cell initiates apoptosis at 402 min,
the surface clusters continue to internalize. After apoptosis
occurs, the internalized clusters start to form the larger intra-
cellular clusters (each with 4-5 complexes) at 462 and 660 min,
respectively. Cell-26 forms its surface clusters (each with 2 or 3
complexes) at 102 and 120 min, which start to internalize at 201
and 261 min, respectively. As apoptosis occurs at 720 min, the
surface clusters continue to internalize. The internalized clusters
then form larger intracellular clusters (each with 4 complexes) at
762 min, which is long after apoptosis starts. Similar phenomena
are observed for all other individual cells (Table S17).

We also determined how single L-R complexes form the
clusters on the surface of cells, and how internalized clusters form
the larger cluster inside the cells, by tracking their diffusion at nm
resolution over time using the same approaches as described
above. The results show that majority of surface and internalized
clusters (61% and 68%) increase their sizes gradually and in an
orderly manner, from individual complexes (or the smallest
internalized clusters, each with 2-complexes) to small, from the
small to the medium size, and from the medium to larger clusters.
Notably, a few surface and internalized clusters (39% and 31%)
are formed directly from individual complexes or the smallest
internalized clusters (each with 2-complexes), respectively. The
results suggest that random diffusion of single complexes and
their smaller clusters is most likely attributed to their clustering.

Taken together, the results show that: (i) internalization
dynamics of the clusters highly depends upon the formation
dynamics of given sizes and number of surface cluster and (ii)
apoptotic dynamics highly rely upon the internalization
dynamics of the surface clusters, and their sizes and number. The
larger clusters play more significant roles in initiating earlier
apoptosis than the high number of smaller clusters. The results
suggest the possibility of controlling cellular apoptosis by tuning
and inhibiting the binding of ligand with its receptors, the
formation of clusters of single L-R complexes on single cells, and
their internalization into the cells.

Notably, the results (Fig. 6-10) show that the formation of
clusters depends upon the number of single L-R complexes
(binding of SMNOBS with TNFR1) on single cells, which leads
to internalization of clusters, and subsequent apoptosis of the
cells. Thus, the binding triggers biological functions and shows
underlying biological implications. The binding leads to forma-
tion of small, medium, and then large clusters, showing that the
clustering occurs in an orderly and controllable manner. These
phenomena are very unlike aggregation of NPs that would occur
in an uncontrollable fashion, and lead to massive aggregation of
NPs and change of plasmonic colors (significant red-shift of
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LSPR spectra) of NPs. In addition, SMNOBS does not lead to
the aggregation of NPs, as shown in the study of binding of
much higher concentrations of SMNOBS (50 nM) with MAB
(0-500 nM) in the buffer solution (Fig. S37).

Furthermore, the blank control experiments (Fig. S91) show
that the presence of AgMMUA NPs does not lead to aggregation
of NPs. Moreover, TNFa molecules non-conjugated with NPs
(positive control experiment in Fig. 7) initiate cellular apoptotic
kinetics as the labeled ones (SMNOBS), showing that conjugated
NPs do not affect the initiation of apoptosis. Therefore, this
study shows that the formation of clusters is not attributed to the
labeled NPs, but TNFa itself, and NPs can serve as effective and
biocompatible probes for the study of signaling pathways of
single live cells in real-time at SM and nm resolutions.

Real-time tracking of diffusion mechanisms of single L-R
complexes and their clusters

We observed that single L-R complexes diffused on the surface
(plasma membrane) of single live cells to form surface clusters,
which then internalized into the cells to initiate cellular
apoptosis. To determine whether their diffusion mechanisms
follow random Brownian diffusion, directed diffusion or restrict
diffusion,*** we tracked the diffusion trajectories of individual
complexes and their surface and internalized clusters in real-time
at nm resolution using PHOTON (Video S21). We studied the
diffusion of clusters with various sizes of single L-R complexes,
and presented the diffusion of representative clusters (each with 3
L-R complexes), as an example, to show the diffusion mecha-
nisms of clusters and capabilities of PHOTON.

To overcome the heterogeneity of cellular environments, we
used real-time square-displacement (RTSD, square of diffusion
distance at a given time interval),'>'%*’ instead of mean (average)
square-displacement (MSD), to determine their diffusion mech-
anisms over time. Plots of RTSD versus diffusion time show the
linearity (Fig. 11), indicating that the diffusion modes of (A)
individual L-R complexes and (B) their surface clusters on single
live cells, and (C) the internalized clusters inside the cells follow
simple Brownian diffusion, but not directed diffusion.

Using random-walk theory (RTSD = 4DAt, where D is the
diffusion coefficient and At is the diffusion time) and slopes of the
linear portions of the plots in Fig. 11, the diffusion coefficients of
single complexes, and its clusters (3-complexes) on/in single
cells are determined as (2.8 £0.2) x 107", (9.6 &= 2.8) x 10> and
(1.3 £0.2) x 107" cm? s7!, respectively. The results agree excel-
lently with those reported about L-R complexes on the same type
of cells (L929).4344

The Stoke-FEinstein equation, D = kT/(67na), states that the
diffusion coefficient (D) depends on the radii (a) of solute
(individual complexes or their clusters) and viscosity of medium
(n). The size of single clusters (3-complexes) is about three times
larger than single complexes. Thus, their diffusion coefficient is
about one-third of single complexes, since both are situated on
the membrane of single live cells with the same viscosities.
Notably, the surface and internalized clusters have the same size
(3-complexes). The results show that diffusion coefficients of
single internalized clusters are ~14 times larger than the surface
clusters, indicating that viscosity of the plasma membrane of
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Fig. 11 Characterization of diffusion mechanisms and diffusion coeffi-
cients of (A) single L-R complexes and (B) its clusters (each with
3-complexes) on single live cells; and (C) the clusters (each with
3-complexes) inside the cells. Plots of real-time square displacement
(RTSD) as a function of time show high linearity over time, indicating
random Brownian diffusion with diffusion coefficients of (A-C) as (2.8 +
0.2) x 107", (9.6 +2.9) x 102 and (1.3 £ 0.2) x 107! cm? s™', respec-
tively. Each symbol represents a cell with individual (A) surface L-R
complexes, (B) surface cluster, and (C) internalized cluster of the
complexes. Data from 8 representative cells (Fig. 8, Table S1t) are shown
as 8 different symbols in (A—C): (=) cell-1; (4) cell-3; (X) cell-6; (@) cell-8;
(%) cell-16; (A) cell-18; @, cell 22; and (M) cell-26.

single live cells is ~14 times higher than their cytoplasm, which
agrees well with those reported previously.*47

Diffusion distances of single complexes, their clusters
(3-complexes) on/in single cells within the observation resolution
(25 s) of PHOTON are calculated using their diffusion coeffi-
cients and random-walk theory. The results show that their
diffusion distances within 25 s are (0.037 + 0.010), (0.022 +
0.012), and (0.081 £ 0.032) um, respectively. The spatial reso-
lutions of PHOTON are (1.5 £+ 0.2) nm. The DFOMS, equipped
with an objective with numerical apertures of 1.2-1.43 (oil),
offers the depth of the field (DOF, focal plane) of ~0.19 pm.
Therefore, PHOTON can determine the diffusion distances
within its observation resolution of 25 s, as well as its DOF
(z-direction). Taken together, the results (Fig. 11) show that
PHOTON can track diffusion mechanisms of single L-R
complexes and their clusters on/in single cells in real-time at nm
resolution, and they follow random Brownian diffusion mode.
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Summary

In summary, we have successfully developed and used PHOTON
to map the dynamic cascades and molecular mechanisms of
apoptotic signaling pathways of single live cells in real-time at
SM and nm resolutions. As summarized in Fig. 12, the results
show that the binding of single ligand (TNFa) molecules with
their receptor (TNFR1) on single live cells initiates at 9 to 42 min
of their incubation with SMNOBS, which varies significantly
with the number of TNFR1 molecules on each cell. Individual
surface complexes on single cells diffuse randomly to form
various sizes of surface clusters (2-6 complexes) at 33 to 96 min,
while endocytosis of the surface clusters into the cells starts at
60 to 201 min. Both vary broadly upon the number of surface
complexes on each cell. The minimal (critical) number of surface
complexes needed to initiate formation of surface clusters on
a cell is 19 molecules, while only one cluster (2-complexes) is
needed to initiate its endocytosis into a cell. Formation of surface
clusters is essential to their endocytosis, which is required for
cellular apoptosis. The apoptosis of single cells starts between
282 and 720 min, which varies widely upon the size and number
of surface and internalized clusters of each cell. The larger size
and higher number of surface and internalized clusters of single
cells lead to their earlier apoptosis. Notably, the sizes of the
clusters play more significant roles in initiating cellular apoptosis
than their numbers. The results suggest the possibility of tuning
and inhibiting signaling pathways by controlling formation of
single L-R complexes and their clusters. This study provides new
insights into sophisticated dynamic cascades and molecular
mechanisms of signaling pathways of single live cells, which is

AgMMUA-
WTNFQ

Initial

binding
TNFR1 S Cellular

9-42 min Membrane Surface
Cytoplasm
DD
TRADD (L)

TRAF2

Internalization
60 - 201 min
16 - 108 clusters

C/Usre ring

Apoptosis
282 - 720 min
17 - 137 clusters

Fig. 12 Schematic illustration summarizes dynamics and molecular
mechanisms of apoptotic signaling pathways of single cells, triggered by
the binding of single TNFa molecules with TNFR1, determined by
PHOTON.

crucial to better understand cellular functions and design more
effective therapies. This study also demonstrates powerful
capabilities of PHOTON and superior biocompatibility and
photostability of SMNOBS for real-time super-resolution SM
imaging of single live cells, especially for probing of challenging
cellular signaling transduction pathways.

Experimental section
Reagents and supplies

Silver nitrate (99.9%), sodium borohydrate (98%), sodium citrate
dihydrate (99%), hydrogen peroxide (30%), polyvinylpyrrolidone
(PVP), 6-mercapto-1-hexanol (MCH) (97%), and 11-mercap-
toundecanoic acid (MUA) (95%) were purchased from Sigma-
Aldrich, and used as received. Human recombinant tumor
necrosis factor o (TNFa) and its monoclonal antibody (MAB)
(R&D), n-hydroxysulfosuccinimide (sulfo-NHS, 98.5%, Pierce),
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride
(EDC, 99%, Pierce), Magic Red (Immunochemistry Technolo-
gies), Dulbecco’s modified Eagle’s medium (DMEM, ATCC),
100x  penicillin-streptomycin-glutamine  solution (P-S-G,
ATCCQ), fetal bovine serum (FBS, ATCC), Hanks’ balanced salt
solution (HBSS, without Ca**, Mg** and phenol red, pH 7.4,
ATCC), and mouse fibroblast cells (L929, ATCC) were also
purchased. All solutions, including phosphate buffer saline (PBS,
10 mM, pH 7.4), were prepared using deionized (DI) water
(18 MQ, Barnstead).

Synthesis and characterization of SMINOBS (AgMMUA-TNFa
NPs)

2.6 nm Ag NPs. Ag NPs with average diameters of 2.6 + 1.1 nm
were synthesized and characterized, and then functionalized with
a mixed monolayer of MUA and MCH, as we described previ-
ously.''>*%  Briefly, freshly prepared solutions of AgNO;
(0.11 mM), sodium citrate (1.91 mM), PVP (0.052 mM), and H,O,
(25.0 mM) in DI water (42.3 mL) were well mixed under stirring.
NaBH, (150 L, 100 mM) was then added into the mixture under
stirring for 3 h to synthesize Ag NPs.

The solution was filtered using 0.2 um membrane filters,
washed thoroughly with DI water via centrifugation, and
immediately characterized using high-resolution transmission
electron microscopy (HRTEM) (JEOL JEM-2100F), UV-vis
spectroscopy (Hitachi U3310), dynamic light scattering (DLS)
(Nicomp 380ZLS particle sizing system), and our dark-field
optical microscopy and spectroscopy (DFOMS, also named as
single mnanoparticle optical microscopy and spectroscopy,
SNOMS, by us).

AgMMUA NPs. AgMMUA NPs were prepared by mixing
freshly prepared Ag NPs (50 mL, 154 nM) with MUA (10 mM)
and MCH (90 mM) to have final concentrations of MUA, MCH
and Ag NPs at 0.1 mM, 0.9 mM, and 152 nM, respectively.'* The
mixture was stirred for 24 h to attach MUA and MCH onto the
surface of NPs via the interaction of —SH groups with NPs, and
SN2 replacement reaction of citrate molecules with MUA and
MCH (Fig. 2A)."* The AgMMUA NPs were washed thrice using
DI water to remove excess MUA and MCH using centrifugation,
and immediately characterized using UV-vis spectroscopy, DLS
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and DFOMS. NMR samples were immediately prepared by
drying the washed AgMMUA NPs using a lyophilizer (VirTis)
and dissolving AgMMUA NPs (50 mg) in D,O (1 mL), and
characterized by NMR (400 MHz, Bruker).

AgMMUA-TNFa NPs (SMNOBS). AgMMUA NP aqueous
solution (50 mL, 154 nM) was mixed with EDC (77 pmol) and
sulfo-NHS (7.7 umol) under stirring at room temperature for 40
min, to form AgMMUA-NP-s-NHS esters. The AgMMUA-NP-
s-NHS was isolated using a Centriprep YM-30 (Millipore) via
centrifugation.

TNFa was then added to AgMMUA-NP-s-NHS in the buffer
with a molar ratio of TNFa to AgMMUA NPs at 0.97. The
solution was mixed using a rotary shaker at room temperature
for 2 h and then at 4 °C for 12 h to synthesize AgMMUA-
TNFa NPs. The AgMMUA-TNFa NPs were thoroughly
washed with PBS buffer to remove excess TNFa using centri-
fugation at 4 °C, and resuspended in the buffer, which was
characterized using UV-vis spectroscopy, DLS and DFOMS.
Concentrations of Ag, AgMMUA, and AgMMUA-TNFa NPs
are calculated using similar approaches as we described
previously.'6454°

Characterization of affinity and photostability of SMNOBS

We measured the binding constant (affinity) of SMNOBS with
MAB in the PBS buffer by measuring the absorbance of
SMNOBS (50 nM) incubated with their MAB (0, 10, 100, 200
and 500 nM) over time using similar approaches as we described
previously.'* We acquired the UV-vis absorption spectra of the
mixture at room temperature every 5 min for the first 2 h, then at
every 2.5 h until 48 h. We stored the mixture at 4 °C between each
spectroscopy measurement to avoid denaturation of proteins.

We characterized photostability of single SMNOBS using the
approach as we described previously.''* We acquired sequential
optical images and scattering intensity of single SMNOBS using
DFOMS with the exposure time of 100 ms and readout time of
40.6 ms, while these NPs were constantly irradiated under
a dark-field microscope illuminator (100 W halogen) for 12 h'*3
The illumination power at the sample stage (focal plane of the
dark-field) was 0.070 & 0.001 W, as measured by a power meter
(Melles Griot). The minimal 300 individual SMNOBS were
characterized for three repeated measurements with 100 single
SMNOBS per measurement.

Real-time super-resolution single-molecular imaging of single live
cells

The cells (L929) cultured on sterilized microscope coverslips were
incubated with SMNOBS (4.6 nM) in homemade micro-cham-
bers. Individual SMNOBS bound with TNFR1 (L-R
complexes), their diffusions to form clusters on the membrane
of single live cells and internalization of clusters into the cells
(5 pwm in-depth from cellular membrane) were imaged over
900 min in real-time using DFOMS.

We have fully described our DFOMS for real-time imaging
and spectroscopic characterization of single NPs in solu-
tions,'*!*® single live cells"*!"'*** and embryos.'®'® In this
study, the microscope is equipped with a dark-field condenser

(oil, 1.43-1.20), a microscope illuminator (halogen lamp, 100 W),
a 100x objective (Plan fluor 100x, N.A. 0.5-1.3), and a Multi-
spectral Imaging System (MSIS), N-MSI-VIS-FLEX, Cam-
bridge Research Inc. (CRi, Hopkiton, MA), which is an
integrated system of a CCD camera (SonyICX 285) and LCTF.**
The CCD camera is an electric-cooled (0 °C) CCD camera, but
not an EMCCD or ICCD camera.

As determined experimentally and theoretically, one electron
count (analog-to-digital count, ADC) of our CCD camera with
a 12 bit scale is equal to the collection of ~3.5 electrons (photons)
with a gain setting of 1.0. Scattering intensity of individual
SMNOBS (or cluster) in ADC was determined by subtracting
integrated intensity of a pixel area where SMNOBS are absent
(blank) from the same size of pixel area where single SMNOBS
(cluster) are present using similar approaches as we described
previously.!1%1416 The scattering intensity of single SMNOBS in
ADC was then converted to photons using the ratio of ADC to
electron (photons) at 3.5.

The microscope is also equipped with an automatically
controlled motorized microscopic stage, which enables auto-
focusing and precisely controlling of z-locations for mapping in
the z-direction. Three reference points on each slide were chosen
to correct any possible stage drift during each experiment.

Fluorescence images of Magic Red (apoptotic assay) inside
the cells were also acquired in real-time using an epi-fluores-
cence microscope, which is equipped with a filter cube
(Chroma Tech) containing a band-pass (bp) excitation filter
(546 + 10 nm), a bp emission filter (605 + 30 nm) and a dichroic
mirror (565 nm).

Stacks of optical images of the clusters of single L-R complex
on/in single live cells were acquired from 450 to 700 nm with
100 ms exposure time at each nm using DFOMS equipped with
MSIS. The LSPR spectra of single clusters were deconvoluted
using the LSPR spectrum of single SMNOBS via the Cauchy—
Lorentz model,*** to determine the number of single SMNOBS
bound with TNFR1 located within the optical diffraction limit.
Their centroids (precise locations) were determined using PSF.
The measurement was repeated 20 times for each bound
SMNOBS, generating its centroid distribution.

The number of single complexes with precise locations at sub-
nm spatial resolution was determined by fitting the distribution
using 2D Gaussian. LSPR spectra of each bound SMNOBS at
given precise positions determined by PHOTON were acquired
to validate that their sum matched with the convoluted LSPR
spectra of individual clusters. Using such approaches, the total
number of single surface and internalized L-R complexes of
single cells in each representative detection area (volume) was
imaged at 1.5 4+ 0.2 nm spatial and 100 ms temporal resolutions
over time for 900 min (Table S17). The snapshots of sequential
images over 540 min are presented in Fig. 6, 7, S8 and S9
(Table S1+).

Two blank control experiments (in the absence of SMNOBS)
and one positive control experiment (in the presence of unlabeled
TNFa) were performed simultaneously in real-time using the
same approaches for each experiment as described above: (i) cells
incubated with the cell culture medium alone; (ii) cells incubated
with 4.6 nM AgMMUA NPs (non-conjugated with TNFa);
and (iii) cells incubated with 4.6 nM TNFa (non-conjugated
with NPs).
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Design and data analysis of PHOTON for super-resolution
imaging of single live cells

Stacks of plasmonic images (image cubes) of single AgMMUA-
TNFa-TNFR1 NPs (SMNOBS bound with TNFR1, L-R
complexes) on and in single live cells were acquired from 450 to
700 nm at each nm (1 nm spectral resolution) with 100 ms exposure
time using MSIS, as shown in Fig. 4A. The LSPR spectra of
clusters of the bound SMNOBS located within the optical
diffraction limit were deconvoluted using the LSPR spectrum of
individual SMNOBS via the Cauchy-Lorentz distribution model
(Fig. S4A and S6AT), as described in eqn (2):383%52.53

n

=3 2)

i=1 A—/1:'2
(5 )}

where n is the total number of individual NPs (bound
SMNOBS); I(2) is the scattering intensity of cluster of individual
NPs at a given wavelength (1); «; is the peak intensity; A; is the
peak wavelength (A,,4); and b, is the half of FWHM of the LSPR
spectrum of the i™ NPs.

Using Matlab curve fitting tools with the customized eqn (2),
each spectrum of the cluster in either Fig. S4A or S6AT was
fitted. The range of @; from 0 to infinity, the range of A; from 510
to 620 nm, and of b; from 25 to 45 nm (determined by the A.,.«
and FWHM of LSPR spectra of single SMNOBS in Fig. 2E)
were used for fitting the spectrum in either Fig. S4A or S6At. The
total number of single SMNOBS in each cluster was determined
by the best fitting curve of the spectrum with the highest
regression (R?).

The number of SMNOBS located within the optical diffrac-
tion limit (each spot) is also determined by their scattering
intensity, since their scattering intensity is proportional to the
number of SMNOBS in the spot.

The LSPR spectrum of each NP (SMNOBS) is described
by eqn (3):

a;

A=\
[1 +(%57) }
where I{2) is the scattering intensity of the i NP at a given
wavelength (1). Notably, a; 4; and b; are determined by the
spectral curve fitting using eqn (2).

Using the deconvoluted LSPR spectra of individual SMNOBS
(Fig. S4A(a—d)t) obtained from eqn (3), the image cubes of the
clusters, as those circled in Fig. 4A, are unmixed (deconvoluted)
at the given wavelength of each SMNOBS. For n number of
SMNORBS, n images are generated in TIFF format. Each image is
the profile of scattering intensity of a SMNOBS with its decon-
voluted LSPR spectrum versus its location in the full-frame CCD
array (Fig. S4B and S6BY).

The deconvolution (un-mixing) of each image cube was per-
formed using the software of MSIS, as described in eqn (4) and
(5). Note that each image cube of the cluster at each pixel is made
up of a linear combination of LSPR spectra of individual NPs at
the pixel:>*

Li(2) = (©)

S¢,=Lw 4)

Ly Lp ... Ly wi
S,\‘.y _ Ly Ly .. Ly wa 5)
Lm 1 LmZ eee Lmn Wp

where S, , is a vector containing multiple LSPR spectra of the
cluster at a pixel; L is a matrix with n LSPR spectra from
n number of individual NPs; m is the number of spectral
channels; and w is a vector of scattering intensity of each NP in
the L matrix for each pixel of an image. L; is the scattering
intensity, I(j + 449), of the i NP at the j* channel (wavelength,
A =j + 449 nm, ranging from 450 to 700 nm, totally m of 251
channels). For example, L;y, L,y, ...L,, represents the scattering
intensity of the LSPR spectrum of the 1®* NP, and Ly,,, L,,,, ...L,,..
represents the scattering intensity of the LSPR spectrum of
the n™ NP.

Note that w; is the percent of scattering intensity of /™ NPs in
the total scattering intensity contributed by total number () of
NPs in each pixel, as described in eqn (6):

Ii,x,y(z) = wilx,y(a) (6)

where [; (%) is the scattering intensity of the /' NPs at a given
wavelength (1) in a pixel located in (x, y) of a CCD pixel array.
I.,(4) is the total scattering intensity of » NPs (undeconvoluted
NP cluster) at the same given wavelength in the same pixel. Thus,
sum of w; is equal to one.

The least squares approximation is used to minimize the
residuals (¢) and to obtain the best values of w, as described
below in eqn (7):

€= ”Lw - Sx,sz (7

After deconvolution (un-mixing) of each image cube, a gray-
scale image in TIFF format for each NP (SMNOBS) with a given
LSPR spectrum was generated. The image was then fitted by PSF
using 2D-Gaussian distribution (Fig. S5B and S7BfY), as
described below in eqn (8):*%

2 Sy )
ny = B+ Nye (8)

where (xo, yo) is the centroid of the scattering point; N, is the
scattering intensity of a NP at the pixel (x, y); Ny is the scattering
intensity at the centroid (xo, yo); Sy and S,, are the widths of the
PSF in x and y directions, respectively; and B is the background
intensity.

The center position of the 2D-Gaussian fitting is the precise
location (centroid) of each NP. The standard deviation (SD) of
the centroid is determined using FWHM of the 2D-Gaussian
fitting curve, as described below in eqn (9):

_ FWHM _ FWHM
©2v2In 2 2355

Using the same approaches, 20 image cubes are taken and 20
precise locations for each NP are analyzed, as described above
(Fig. S5A and S7Af¥). The 20 precise locations of each NP are
then fitted by 2D-Gaussian, as described by eqn (8) (Fig. SSBC
and S7TBCt). The peak position of the 2D-Gaussian fitting curve
for 20 precise locations of each NP is used to determine the

)
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precise location of each SMNOBS bound with single TNFR1
molecules (single L-R complexes) on/in single live cells. Standard
deviation of the precise location of each NP is determined
using FWHM of the 2D-Gaussian fitting curve, as described
by eqn (9).

By locating the precise positions of single SMNOBS bound
with their receptors on/in single live cells in real-time, the number
of individual L-R complexes in selected detection volume (areas)
on/in single cells is determined over time (Fig. 6-10).

Data analysis and statistics

A minimal of 300 single NPs (Ag, AgMMUA, and AgMMUA-
TNFa NPs) were characterized to determine their sizes and
shapes using HRTEM, and their plasmonic properties (images
and LSPR spectra) using DFOMS, with a minimal of 100 single
NPs for each of three replicated experiments. More than 10
individual cells incubated with either the cell culture medium,
TNFa, AgMMUA NPs, or AgMMUA-TNFa NPs, were
imaged simultaneously over time using PHOTON and fluores-
cence microscopy. For three replicated experiments, 26-30
individual cells for each study and each control experiment were
characterized to gain sufficient statistics to study molecular
mechanisms and kinetics of TNFa-induced apoptosis pathways
of bulk cells at the single-cell resolution.
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