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ABSTRACT: Here, we present a three-dimensional two-color dual-particle
tracking (3D-2C-DPT) technique that can simultaneously localize two
spectrally distinct targets in three dimensions with a time resolution down to
5 ms. The dual-targets can be tracked with separation distances from 33 to
250 nm with tracking precisions of ∼15 nm (for static targets) and ∼35 nm
(for freely diffusing targets). Since each target is individually localized, a
wealth of data can be extracted, such as the relative 3D position, the 2D
rotation, and the separation distance between the two targets. Using this
technique, we turn a double-stranded DNA (dsDNA)-linked dumbbell-like
dimer into a nanoscopic optical ruler to quantify the bending dynamics of
nicked or gapped dsDNA molecules in free solution by manipulating the
design of dsDNA linkers (1-nick, 3-nt, 6-nt, or 9-nt single-strand gap), and
the results show the increase of kon (linear to bent) from 3.2 to 10.7 s−1. The
3D-2C-DPT is then applied to observe translational and rotational motions
of the landing of an antibody-conjugated nanoparticle on the plasma membrane of living cells, revealing the reduction of
rotations possibly due to interactions with membrane receptors. This study demonstrates that this 3D-2C-DPT technique is a
new tool to shed light on the conformational changes of biomolecules and the intermolecular interactions on plasma
membrane.
KEYWORDS: 3D particle tracking, rotational movement, nanoscopic optical ruler, DNA conformation change,
antibody-receptor interactions

Single-particle tracking (SPT) has enabled direct
observations of particle dynamics with sub-millisecond
temporal resolution and submicron spatial resolution

inside complex biological systems.1,2 With decades of efforts,
SPT has provided insights into actions of motor proteins,3,4

dynamics of cell membranes,5−7 transport of mRNA,8,9

internalizations of viral particles,10,11 searching mechanisms
of DNA-binding proteins on the genome,12,13 ligand-induced
endocytosis of membrane receptors, and intermolecular
interaction of viruslike nanoparticles to transmembrane
receptors.14,15 While SPT is applied to probe cellular
properties such as viscoelasticity, cytoskeleton framework,
stress fluctuations, and cell states,16−19 most of the SPT
techniques today focus on monitoring the translational
dynamics of particles. The rotational dynamics of particles,

on the other hand, can provide complementary information to
the chemical and biological processes, such as how viral
particles interact with cellular structures when they enter the
cells,20 and how T-cell receptors interact with antibodies on
lipid bilayers.21 Single gold nanorods can even serve as
rotational microrheology probes to monitor the polymer
gelation process.22
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Six methods have been proposed to measure the rotation of
a particle (see Yu’s recent review23 for details), including (i)
using Janus particles24−26 or colloidal clusters,27,28 (ii) tracking
with digital holographic microscopy,29,30 (iii) tracking with
polarized fluorescence correlation spectroscopy (FCS) on
ellipsoids or rods,31 (iv) imaging with defocused dipole
emission,32 (v) imaging with a dual-particle system,21,33,34

and (vi) tracking gold nanorods with differential interference
contrast (DIC) microscopy.35 Both the polarization detection
and the conventional dual-particle system, which depend on
2D imaging methods, have one critical drawback: the elevation
angles θ and −θ are indistinguishable. Janus particles have the
same issue, which makes the quantitative analysis of the
particle rotation complicated due to the uncertainty of the
particle orientation. While digital holographic microscopy
generates a 2D holographic image that encodes the 3D details
of the object in 6 modes (3 translational modes and 3

rotational modes),30 the complexity of processing and fitting
the holographic data makes it a computationally expensive
process.
Active feedback 3D-SPT was pioneered by Berg using a

system with six photomultiplier tubes (PMTs)36 and flourished
in the past two decades: orbital 3D tracking,37 confocal 3D
tracking,38 tetrahedral detection 3D tracking,39,40 tetrahedral
excitation 3D tracking,41 and dynamic photon localization
tracking.42 However, there is no simple SPT method that can
probe both the particle’s translational and rotational dynamics
in 3D space. Inspired by these 3D-SPT techniques, we propose
a three-dimensional, two-color, dual-particle tracking micro-
scope (3D-2C-DPT) that can simultaneously localize two
spectrally distinct targets in three dimensions with a time
resolution down to 5 ms using only two PMTs. The targets can
be tracked with separation distances ranging from 33 to 250

Figure 1. 3D-2C-DPT TSUNAMI system setup. (A) Spatiotemporally multiplexed two-photon excitation and temporally demultiplexed
detection scheme of the TSUNAMI system. (B) The system splits the pulse laser into four beams, forming a tetrahedral profile. (C) Using an
additional PMT and a TCSPC routing method, the data collected from the tetrahedral profile can be converted into photon-count rates
found in each time-gated domain for multiple particle localization. Please note the plots are schematics to explain the multiplexed detection
process. (D) The error signals obtained from the time-gated domains can then be analyzed, giving the x, y, z coordinates and the relative
location of the two particles in polar coordinates (azimuthal and elevation angles). (E) Preparation of a dual-color dumbbell-shaped DNA
tracer: a 150 bp dsDNA linker with two different colored 40 nm beads on each end. The theoretical distance between the two NPs is 100 nm.
Modified DNA linker that causes it to flex or bend in free diffusion. The inset image shows a single dumbbell-shaped DNA tracer under 2P-
LSM. (F) Key parameters acquired from 3D-2C-DPT: 3D position, 2D rotation, separation distance.
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nm with static tracking precision of ∼15 nm and dynamic
tracking precision of ∼35 nm (Notes S1 and S2).
The 3D-2C-DPT microscope is the multicolor extension of

our 3D-SPT technique known as TSUNAMI (Tracking Single
particles Using Nonlinear And Multiplexed Illumination41)
which was inspired by the four-detector confocal tracking setup
developed by the Werner group.40 Built on spatiotemporally
multiplexed two-photon excitation, TSUNAMI requires only
one detector for three-dimensional particle tracking. Being a
two-photon microscope by nature, TSUNAMI enables multi-
color excitation with a single wavelength, facilitating the
development of the 3D-2C-DPT technique that tracks two
spectrally distinct targets simultaneously with two detectors.
Our 3D-2C-DPT microscope provides unambiguous orienta-
tion determination of a dual-particle system. Since each
particle can be individually localized in a 3D space by the two
PMTs, a wealth of data can be extracted, including the 3D
position and the fluorescence lifetime of each target, and the
relative 2D rotation and the separation distance between the
two targets. The dual-particle system employed in this study is
different from the one used in the traditional 2D rotational
measurementour system is composed of two fluorescent
nanoparticles (NPs) (green and red) connected by a single
double-stranded DNA (dsDNA) linker (termed a tracer or a
dumbbell-like dimer). The coordinates of the green and red
NPs define the orientation of the tracer. Therefore, the analysis
of DPT trajectories can reveal the translational and rotational
movement of the dumbbell-like dimer and offer the
information on coordinates (x, y, and z), rotation angles (θ
and φ), separation distance (d), and photon-count rates (B1
and B2). Using this technique, we turn the dsDNA-linked

dumbbell-like dimer into a nanoscopic optical ruler to quantify
the bendability of nicked or gapped dsDNA molecules by
manipulating the design of dsDNA linkers (single-strand nick,
3-nt, 6-nt, or 9-nt single-strand gaps). We can observe the
conformational changes of the DNA complex using our 3D-
2C-DPT system. In addition, we take advantage of the
capability of rotational tracking to monitor the landing of an
antibody-conjugated NP on the plasma membrane of living
cells.

RESULTS AND DISCUSSION
Multiple Particle Localization. The 3D-2C-DPT works

by coregistering the location of the secondary particle relative
to the primary target being tracked. Dual-particle localization is
realized through two significant modifications to the hardware
and the algorithm of the standard TSUNAMI microscope.
First, the microscope requires an additional PMT (PMT2,
Figure 1A) and a time-correlated single photon counting
(TCSPC) routing module. The PMT2 collects the light
emitted from the secondary fluorophore in a separate spectral
channel. The routing module routes the second channel to the
same TCSPC board (SPC-150, Becker and Hickl) (Figure S1).
Second, an algorithm to process the raw photon-count data
from the second channel within the same 3D space and to
coregister the secondary target relative to the primary target is
needed to perform dual-particle localization. For a two-color
fluorescent dimer residing somewhere inside the excitation
tetrahedron (Figure 1B), its 2P emission is collected by the
two PMTs. By TCSPC detection, each detected photon is
assigned to a specific time gate (G1a−G4a for PMT1 and
G1b−G4b for PMT2) in the fluorescence decay histogram

Figure 2. Correction of fluorescence crosstalk. The crosstalk of green fluorescence emission creates a phantom in the detection channel
where the PMT is mounted with a bandpass filter (605 nm/64 nm). (A) Reconstructed trajectories from signals of the tracking channel
(green) and those of the detection channel (red). The crosstalk creates a phantom for 3D-2C-DPT. The center-to-center distance between
the 200 nm green fluorescent nanoparticle and its phantom is 5 nm. (B) Photon count rates of both channels. (C) This plot shows the
separation distance (d), azimuth (θ), and elevation angles (φ) along the time trace. The histogram represents the distribution of the
separation distances. These two polar histograms show random distributions of azimuth and elevation angles. (D) These four types of
immobilized fluorescent NPs were tracked to evaluate the fluorescence crosstalks from green emission into the red channel or red emission
into the green channel. The primary and secondary detectors were mounted with the corresponding bandpass filters. For instance, the
primary detector was mounted with a green emission filter to track green NPs, and the second detector was mounted with a red emission
filter. The average crosstalk of green emission into the red channel is about 24% of its photon-count rate in the green channel.
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(Figure 1C) and therefore attributed to an individual excitation
volume. An animation, Movie S1, was created to explain the
demultiplexed detection process. Please note that Figure 1B,C
are schematics to demonstrate the detection process. A
representative raw signal summed up in each channel for a 2
s trajectory is shown in Figure S2.
The photon-count data of the primary target were processed

in real-time during the tracking to lock the multiplexed laser
beams on the primary target, and the photon-count data of the
secondary target were saved for reconstructing the secondary
trajectory later. The localization for the second channel can be
performed using the same arithmetic method outlined in the
Materials and Method section. The critical difference is that
this localization takes place in postprocessing and does not
affect the position of the xy galvo mirror actuators. The
postprocessed error signals were calculated from eqs 1−6. The
resulting localization is a position relative to where the point
spread function (PSF) was at the current time of localization
(i.e., the current position of the primary target, Figure 1D). To

move the relative localizations into the global frame of
reference, all that is required is to shift the position by the
amount of the current location of the primary target. Using this
technique, two particles can be tracked simultaneously with no
loss in temporal resolution.
In this study, we created a dumbbell-like NP dimer which

was composed of a green NP, a red NP, and a dsDNA linker.
Figure 1E shows the steps for creating the NP dimer. The
vector from the centroid of the green NP to the centroid of the
red NP defines the orientation of the optically anisotropic NP
dimer (Figure 1D). Therefore, the 3D-2C-DPT TSUNAMI is
able to reveal the translational and rotational movement of the
dumbbell-like NP dimer and to offer a wealth of information:
coordinates (x, y, and z), rotation angles (θ and φ), separation
distance (d), and photon-count rates (B1 and B2) (Figure 1F).
Movie S2 shows a representative trajectory and its trajectory-
derived parameters. It should be noted that this system can
only track a second particle up to 250 nm away from the

Figure 3. Validation of two-color localization. (A) Reconstructed dual-particle trajectory of a pair 200 nm green and red beads fixed on a
coverslip. (B) Its corresponding separation distance (d) and azimuth (θ) and elevation angles (φ) along the time trace and the
corresponding histograms. (C) 2P fluorescence image of red and green 40 nm fluorescent beads fixed to a coverslip. Zoom: a magnified view
of a single red and green bead pair separated by a distance of 54.8 nm, scale bar is 200 nm. The Gaussian fit centroid (+) of each image
channel is overlaid with the trajectory points projected onto 2D images (green and red dots). The reconstructed 3D trajectory of both beads
measured for 2 s and with the centroid-to-centroid distance of 51 nm. (D) A plot shows the root-mean-square error (RMSE) of the two-color
colocalization technique relative to the Gaussian-based image analysis using paired beads in the sample of 40 nm green and red NPs, along
with other mixtures (G40-R40 nm linked with 90 bp or 150 bp dsDNA linker, a pair of green and red 200 nm NPs).
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primary particle, which limits the method in general to coupled
particles and not to two independently moving particles.
Calibration and Localization Precision Calibration of

the 3D-2C-DPT Technique. To validate the 3D-2C-DPT
system, we conducted a series of calibration experiments to
obtain the best data-processing parameters and to verify the
accuracy of these parameters. We first tracked fluorescent NPs
fixed on coverslips to correct spectral crosstalk in dual-color
fluorescence (Figure 2A,B). The fluorescence crosstalk from
the green NPs into the red channel needed to be taken into
account, and the bleed-through of the green emission into the
red channel was around 24% of fluorescence intensity detected
in the green channel (Figure 2D). Therefore, the bleed-
through signal had to be corrected before we could reconstruct
secondary trajectories (Figure S3). Besides, the bleed-through
signal can be taken as the fluorescence emission from a
pseudo-secondary-target which we called a phantom. As the
phantom was perfectly colocalized with the primary target, we
were able to precisely quantify the static and dynamic
localization precisions by measuring the separation distance
between the primary target and its phantom on immobile
(Figures S4 and S5) or freely diffusing green fluorescent NPs
(Figure S6). The localization graphs in xyz for trajectories of
fixed 40 and 200 nm green NPs are shown in Figures S4 and
S5. The xyz positions fluctuated around the centroids of
particles with the standard deviations (static tracking
precisions) of 15, 14, and 34 nm in xyz for a 200 nm green
NP and 25, 21, and 39 nm in xyz for its phantom; and 19, 21,

and 42 nm in xyz for a 40 nm green NP and 23, 21, and 46 nm
in xyz for its phantom.
To demonstrate the capability of two-color colocalization,

we fixed and then tracked a pair of carboxylate-modified 200
nm green and amine-modified 200 nm red NPs on a coverslip
(Figure 3A). The experimental centroid-to-centroid distance
agreed well with the theoretical distance (200 nm) with the
correction of fluorescence crosstalk. The narrow distributions
of separation distance (214 ± 17 nm, mean ± standard
deviation (SD)), azimuth angle (−94 ± 6°), and elevation
angle (20 ± 5°) reflected the excellent tracking precision of
our 3D-2C-DPT system (Figure 3B). To further validate the
accuracy of DPT-derived separation distances, we compared
the distances derived from the trajectories with Gaussian fit
with the distances derived from the two-photon laser scanning
microscope (2P-LSM) images (Figure 3C). Since the signal-to-
noise in each 2P-LSM image was very high due to a long
exposure time (0.83 s per frame) and averaging over several
frames (5 frames), the 2P-LSM-derived distances were
regarded as the ground truth in the comparison (Figure 3C).
The typical standard deviation for the centroid fit in the 2P
images was around 5 nm, whereas the SPT trajectories had the
errors in the range of 20−50 nm. By plotting the DPT-derived
separation distances against the ground truth, a clear
correlation was observed, with the root-mean-square error
(RMSE) less than 19 nm (Figure 3D) by repeatedly imaging
and tracking many NP pairs in the sample of 40 nm green and
red NPs, along with other mixtures (40−40 nm NP pairs

Figure 4. Translational and rotational tracking of a freely diffusing dual-particle. (A) Reconstructed dual-particle trajectory of a dual-color
dumbbell-shaped DNA tracer: a 150 bp dsDNA linker with two different colored 40 nm beads on each end. The theoretical distance between
the two beads is 100 nm. (B) Dynamic parameters extracted from the trajectory analysis. (C, D) MSD and MSAD curves derived from a
series of trajectories of dumbbell-shaped tracers diffusing in dextran solutions with different concentrations. The solid lines represent the
averaged MSD or MSAD curves, and the ribbons represent the standard deviations. (E) The translational (Dt) and rotational (Dr) diffusion
coefficients were extracted by MSD and MSAD curve fittings, respectively. The error bars represent standard errors, and the numbers of
trajectories of 75% dextran-40, 50% dextran-40, 30% dextran-450, 20% dextran-450, and 10% dextran-450 are 50, 108, 68, 68, and 55,
respectively.
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linked with 90 bp or 150 bp dsDNA, pairs of 200 nm green
and red NPs).
The translational and rotational Brownian motion of dimers

was characterized by tracking freely diffusing dimers at various
diffusion rates (Figure 4). A representative trajectory and its
dynamic information are shown in Figure 4A,B, and the video
of this trajectory is presented in Movie 2. Trajectories were
processed into mean-squared displacement (MSD) and mean-
squared angular displacement (MSAD) curves (Figure 4C,D),
and the corresponding translational (Dt) and rotational (Dr)
diffusion coefficients were estimated by fitting MSD and
MSAD curves (Figure 4E). Both MSD and MSAD curves show
the characteristics of freely diffusing traces, both translationally
and rotationally. The tracers exhibit higher diffusion
coefficients within the dextran solutions with lower viscosities.
However, the rotational movement is less sensitive to the
viscosity of the dextran solution (Figure 4E), which is also
reflected by the indistinguishable rotational tracking accuracy
(the values extrapolated from the MSAD curves at time lag
equal to zero). The geometry and mechanical property of the
dsDNA-linked dumbbell-like NP dimers might hinder us from
correctly measuring the rotational diffusion coefficients of
dimers. The static tracking precisions of the translational and
rotational movements were estimated using the MSD and
MSAD curves of pairs of 200 nm green and red NPs fixed on
coverslips (Figure S7).
Conformational Changes of Nicked and Gapped DNA

Structures. We applied this 3D-2C-DPT technique to study
conformational changes of nicked and single-strand gapped
150 bp dsDNA in free diffusion with the format of dumbbell-
like NP dimer (Figure 5). These 150bp DNA duplexes contain
a single nick or a single-strand gap of 3-nt, 6-nt, or 9-nt as
depicted in Table S1. With subdiffraction-limit spatial

resolution in particle tracking and 5 ms temporal resolution,
we monitored the change of the geometric distance between
the primary and secondary targets (Figure 5A). Figure 5A
shows the separation distances of representative trajectories
collected from six experimental conditions: immobile green
NPs, freely diffusing green NPs, and NP dimers with nicked or
single-strand gapped dsDNA linkers. In the case of tracking
green NPs, we see a static separation distance (between a
green NP and its phantom) of ∼30 nm, which represents the
localization precision. The right-skewed distribution for green
200 nm NPs (Figure 5A) could be attributed to (i) higher
background noise caused by other freely diffusing particles, (ii)
the particle motion during the finite exposure time, (iii) the
anisotropic tracking precision of in xy and z, and (iv)
photobleaching effect. As described in Note S2, the measured
separation distance increased while the red NPs became
dimmer. These factors of dynamic error can be taken as
systematic errors while evaluating the bendability of DNA. For
the dimers with nicked and gapped DNA linkers, we observe a
switching behavior between two states, 100 nm (the fully
extended length) and 60−80 nm (with kinked DNA linkers)
(Figure 5A). This result indicates that the DNA is flexing or
bending during free diffusion, which allows for the NPs to
occupy a range of separation distances during the trajectory.
The histogram of separation distances built from all the
collected traces can be well fitted by a two-component
Gaussian mixture model centered at ∼100 and 60−80 nm
(Figure 5B). Our assumption of two-state conformational
changes is supported by the Boulard group’s study43 in which
they found that the gapped DNA exhibited two conformational
states: one is close to B-DNA, and the other is significantly
kinked at the gap which reduces the size of the cavity. For the
nicked structure, its histogram of separation distance is very

Figure 5. Quantification of DNA bendability using 3D-2C-DPT. (A) Series of representative time traces of separation distance measured
from a variety of dumbbell-shaped DNA tracers with different designs of DNA linkers. The tracking experiment was conducted in 50%
dextran-40. The separation distances of fixed and freely diffusing 200 nm green NPs are also shown as the control groups. Using EB analysis,
the transitions of stacked and unstacked states were identified, and the solid black lines indicate the transitions along the time trace. (B)
Histograms built from all the separation distance traces of each group. These histograms were fitted with a two-component Gaussian mixture
model. The fitted mean, fitted standard deviation of separation distance, and the number of trajectories are labeled in each histogram. (C)
Apparent stacking (kon) and unstacking (koff) rates extracted using the EB analysis. The error bars represent standard errors. (D) Schematic
representation of the stacked-to-unstacked conformational transition of the dumbbell-shaped DNA tracer.
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close to the intact dsDNA, but it displays enhanced local
flexibility. This result agrees with other researchers’ findings
using molecular dynamics simulations43 and electrophoresis.44

For the gap structure, we observed that the separation distance
decreased as the gap became longer (Figure 5B), which means
that the single-strand gaps enhance the bendability of DNA
duplexes.
To characterize the kinetics of the conformational changes

of these DNA duplexes, we revised and applied an empirical
Bayes (EB) method45,46 to the analysis of the time traces of
separation distances. The black lines indicate the binary-state
sequences identified by the EB method (Figure 5A). In EB
estimation, the variation in parameter values predicted by the
prior distribution is matched to the variation in inferred
parameter values over the population of trajectories, enabling a
consensus kinetic model to be learned from the simultaneous
analysis of a large population of single trajectories (see the
Materials and Methods section for a more detailed
description). Therefore, we were able to unbiasedly specify
the rates of transition between conformational states (stacked
and unstacked) of the nicked and gapped DNA. Through the
EB analysis, our results demonstrate that the single nick and
gaps do modulate the stacked-to-unstacked conformational
transition of the DNA duplexes, and the rates were
proportional to the length of single-strand gaps (Figure 5C).
The removal of two GC pairs in 6-nt- and 9-nt-gapped dsDNA
(see schematic in Table S1) might contribute to the abrupt

increase of kon rates from 5 s−1 (3-nt-gap) to around 12 s−1 (6-
nt-gap and 9-nt-gap). The Frank-Kamenetskii group has
demonstrated that two types of interactions contribute to the
stability of nicked or gapped DNA double helix: stacking
between adjacent base pairs and pairing between comple-
mentary bases.44 The melting free energy of the GC
dinucleotide stack (−2.70 kcal/mol) is lower than those of
AT-containing dinucleotide stacks ranging from −0.12 to
−2.04 kcal/mol. Therefore, the removal of GC base pairs
could increase the flexibility of the gapped DNA double helix.
In a nutshell, this study demonstrated that the single nick and
gaps enhanced the flexibility and facilitated the conformational
changes of the DNA duplexes.

Landing of Dumbbell-Shaped Anti-EFGR IgG NP on
the Plasma Membrane. To demonstrate the capability of
translation and rotation tracking in live cells, we explored the
application in which an antibody-conjugated dumbbell-like NP
landed on the plasma membrane of a live cell. We monitored
the landing process and analyzed the changes in the
translational and rotational movements before and after the
touchdown. The touchdown events were determined by visual
inspection when the DPT trajectories were coregistered with
the 3D stacked cell images. The changes in NP dynamics could
also serve as indicators of the landing. The anti-epidermal
growth factor receptor (EGFR) IgG NP is the revised version
of the previous dumbbell-shaped dimer with a single nicked
DNA linker: the green NP is conjugated with anti-EGFR

Figure 6. Landing of an anti-EGFR IgG-conjugated anisotropic dimer on the plasma membrane. (A) 3D isocontour model of the monolayer
of LNCaP cells with staining for the nuclei (blue) and plasma membrane (pink). The dual-particle trajectory of the antibody-conjugated
dimer was coregistered with the cell isocontour model. (B) Zoomed-in view of the dual-particle trajectory; the dimer was tracked for a
duration of 58 s. (C) The highlighted subtrajectories are the subtrajectories within the time windows 0−5 s (I), 20−25 s (II), and 50−55 s
(III), respectively. (D) These rose histograms show the distributions of the azimuth and elevation angles within their corresponding time
windows. (E) Time traces of angles and translational diffusivities.
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antibodies instead of biotinylated polyethylene glycol (PEG).
Due to the design of our tracer, the rotational freedom of the
DNA-linked dual-particle system is a convolution of the DNA
bending and the rotational freedom of NPs. Figure 6A,B shows
a representative 3D trajectory of a tracer landing on a
fluorescently labeled cell (see Movie S3). Three subtrajectories
(I, II, III) are highlighted in Figure 6C, and the corresponding
rotation angles of these subtrajectories are plotted in the rose
histograms (Figure 6D). While the translational diffusivity
remains at around 0.01 μm2/s, the variances of rotational
angles decrease along time (Figure 6D,E). The confinement of
rotational movement could be attributed to the interaction
between antibodies and the EGFRs on the plasma membrane.
More trajectories are in Figures S8−S10 and their correspond-
ing videos in Movies S4−S6. Using our approach, we were able
to interrogate the critical transition processes in which the NP
interacts with the ligands on the plasma membrane.
Fluorescence colocalization can be used to determine the

separation distance of binding targets, binding kinetics,
conformational changes, or even the orientations of a target
construct. Förster resonance energy transfer (FRET) based
nanoscopic optical rulers have served as a key tool for
measuring conformational changes and intramolecular dis-
tances of single biomolecules.47−52 However, the length scale
of a FRET ruler is limited to a maximum of 10 nm because the
FRET process originates from dipole−dipole interactions. To
break the FRET barrier, scientists developed long-range optical
rulers based on plasmonic NP-based surface energy transfer
(or plasmon coupling) to further increase the accessible
distance range up to 80 nm (depending on the size and coating
of the NPs).53−55 However, the instrumentation of FRET and
plasmonic resonance energy transfer relies on a slow camera-
based approach that is not amenable to probing targets freely
diffusing in the 3D space and providing any rotational
information. Our 3D-2C-DPT system not only extends the
accessible distance up to 250 nm with tracking precision within
40 nm but also allows for the direct observation of DNA
flexing dynamics in free solution.
The TSUNAMI system is capable of having an arbitrary

number of detectors limited only by the spectral overlap of
conventional fluorophores (typically a maximum of 4). Built
upon two-photon microscopy, both the 3D orbital tracking
system developed by the Gratton group56 and the TSUNAMI
system developed by us use a non-descanned detection
configuration that bypasses the need of a pinhole for spatial
filtering, which not only enables the collection of scattered
photon (using a PMT) but also facilitates the colocalized
detection with additional detectors for multicolor experiments.
Both TSUNAMI and the 3D orbital tracking systems have
added a second detector (this work) or a second
spectroscope56 for dual-particle tracking or particle emission
spectrum measurement. In contrast, for confocal-feedback SPT
using avalanche photodiodes,14,40,57 the addition of a second
color channel requires 3−5 extra avalanche photodiodes for
spatial filtering,58 thus increasing the difficulty in optics
alignment. For camera-based tracking techniques, the multi-
color detection has been made possible by various methods,
including imaging with multiple cameras,59 segmented
dedicated fields of view,7 diffractive optics,60 and point-
spread-function engineering.61 However, the use of a camera
limits the temporal resolution to 50 ms61 and the working
depth in scattering samples.62

Over the past three decades, there have been remarkable
developments in single-molecule detection techniques that
have revealed the mechanical properties of DNA. These
approaches can be generally divided into two categories: active
(with an external force on DNA) and passive (no applied
force) methods (see Maher’s review article63). The single-
molecule force spectroscopies have revealed highly dynamic
and mechanical processes of DNA conformational changes and
DNA−protein interactions at the molecular level (see Nagy’s
review64). However, single-molecule force spectroscopies
cannot be used to study the mechanics of DNA molecules
shorter than its persistence length (150 bp).65 Passive methods
would be the more appropriate approaches to quantify the
inherent flexibility and bendability of DNA at short length
scales (within 150 bp). Recently, Ha’s group developed a
single-molecule FRET cyclization assay for monitoring the
cyclization of single DNA molecules in real-time and quantified
the looping and unlooping rates at the single-molecule level.66

Whereas this study identified the extreme bendability of
dsDNA shorter than 100 bp, the DNA samples were tethered
to the surface of coverslips, which means that the DNA
molecules were constrained in a hemispherical space for
conformational changes. In contrast, our 3D-2C-DPT
technique is able to measure the end-to-end distance of freely
diffusing DNA molecules at the temporal resolution of 5 ms
with a tracking precision of ∼35 nm. Nevertheless, the use of
fluorescent nanoparticles could have an impact on the
dynamics of DNA molecules.
Despite the extensive efforts that have been made in recent

years to study the translational dynamics of biomolecules on
plasma membrane,2 only a few research groups have reported
the rotational movement. The Sandoghdar group demon-
strated that the SV40 viral particle exhibited sliding, tumbling,
and rocking motions on lipid bilayers.20 The Yu group
monitored the rotational dynamics of receptor-mediated
particle uptake in live cells67 and interrogated the interaction
of ligand−receptor binding.21 The Fang group quantified the
rotational dynamics of gold nanorods during endocytosis.35

These few studies have successfully demonstrated the rota-
tional motion during particle−receptor interaction on the
biomembrane. However, the dynamics of a particle landing on
the plasma membrane is still unclear. Whereas the Yang14 and
Welsher15 groups revealed the translational movement of the
landing of viral-like NPS on a 3D cell surface using 3D SPT, to
the best of our knowledge, the transition from rotational
Brownian diffusion to binding to the plasma membrane has
never been captured using a high-spatiotemporal resolution
particle tracking technique. In this study, using our 3D-2C-
DPT technique, we have successfully observed the transition
from rotational Brownian diffusion to binding to the plasma
membrane during the landing of an antibody-conjugated NP.
The parallax-quantified differential interference contrast

(DIC) microscope developed by the Fang group is capable
of visualizing the rotation movement of transferrin-coated gold
nanorods in 3D at millisecond temporal resolution.35 While
their method surpasses the issue of photobleaching and
provides infinite observation window in time, our technique
is advantageous in several aspects: (i) better temporal
resolution (5 ms vs 33 ms) with a comparable spatial
resolution (static tracking precision: 15 nm vs 12 nm in xy,
34 nm vs 17 nm in z), (ii) the capability of measuring the
separation distance between paired particles, and (iii) fully
differentiable rotational angles (azimuthal: 2π vs π/2;
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elevation: π vs π/2). Regarding rotational angles, we calculate
the angles based on the coordinates of particles, but Fang’s
method determined the orientation of a gold nanorod by
solving two even functions related to intensities of DIC images.
Therefore, Fang’s method can only determine the rotational
angles within the ranges from 0 to π/2.

CONCLUSIONS
In summary, we developed and validated a 3D-2C-DPT
technique for the visualization of translation and rotational
motions of dumbbell-shaped tracers, which enabled us to
investigate the DNA bending kinetics in a free solution as an
optical ruler. Furthermore, we demonstrated the capability of
monitoring the landing of the anti-EGFR IgG-conjugated
dumbbell-shaped tracers on the plasma membrane and
revealed that the interactions between antibody and EGFRs
confined the translational and rotational motions of tracers.
These results demonstrate that our 3D-2C-DPT technique is a
powerful tool to study the conformational changes of
biomolecules and the intermolecular interactions on plasma
membrane.

MATERIALS AND METHODS
Sample Preparation of the Dual-Colored DNA Linker.

Biotinylated single-stranded DNA (ssDNA) was conjugated onto 40
nm NeutrAvidin-labeled red fluorescent NPs (F8770, Thermo Fisher
Scientific) and 40 nm NeutrAvidin-labeled green fluorescent NPs
(F8771, Thermo Fisher Scientific) separately at a 1:2.3 ratio (10 μL
of 0.1 μM NPs mixed with 10 μL of 0.23 μM ssDNA in 1× TE
buffer). The two solutions were left to conjugate overnight in the
vortex mixer before saturating the biotin-binding site with 10 μL of 1
mM mPEG-Biotin (Methoxy PEG Biotin, Molecular Weight 1000,
PG1-BN-1k, NANOCS). The samples were then returned to the
vortex mixer for a few hours before combining the green and red
nanoparticles and the target 150 nt ssDNA stoichiometrically (1:1:1).
The sample is once again returned to the vortex mixer for another
night, making sure to prevent light from reaching the samples. In
order to obtain the best density for imaging, the two-color dsDNA-
linked dumbbell-like dimer was diluted down 2000 times and mixed
into 1× TE buffer with various concentrations of dextran (dextran-40,
Cat. 1179708; dextran-450, Cat. 31392, Sigma-Aldrich) for the freely
diffusing experiment before being transferred onto optical imaging 8-
well chambered coverglass (155409, Thermo Fisher Scientific). For
antibody-conjugated two-color dsDNA-linked dumbbell-dimer, the
mPEG on the green fluorescent NPs was replaced by biotinylated
anti-EGFR monoclonal antibodies (Clone Ab-3, MS-311-B, Thermo
Fisher Scientific). The green fluorescent NP was incubated with 1 μM
anti-EGFR antibody instead of mPEG-biotin.
Setup of TSUNAMI Microscope. TSUNAMI (Tracking of Single

particles Using Nonlinear And Multiplexed Illumination) is a
feedback-control tracking system which employs a spatiotemporally
multiplexed two-photon excitation and temporally demultiplexed
detection scheme (Figure 1A). Sub-millisecond temporal resolution
(under high signal-to-noise conditions) and subdiffraction tracking
precision in all three dimensions have been previously demon-
strated.41,68 Tracking can be performed in a live cell to monitor the
movements of fluorescent nanoparticle-tagged EGFRs41,69,70 or
ballistically injected fluorescent NPs.19

The TSUNAMI microscope has been described in detail in our
previous study.41 In brief, excitation of 835 nm from a Ti:Al2O3 laser
(Mira 900, Coherent) was used for tracking experiments. The optical
multiplexer split the primary laser beam into 4 beams which were then
delayed by 3.3, 6.6, and 9.9 ns (relative to Beam 1), respectively.
These 4 beams then passed through a galvo scanning system (6125H,
Cambridge Technology) and were focused through a 60× N.A. 1.3
silicone oil objective (UPLSAPO 60×, Olympus) to create a
tetrahedral excitation profile (Figure 1B). The photon-count rates

in the four time-gated domains fluctuate according to the position of
the particle in the excitation profile (Figure 1C). The laser power was
adjusted on the basis of the sizes of fluorescent beads to control
photon count rates within the range 200−900 kHz. For 40 nm
(F8771, Thermo Fisher Scientific) and 200 nm (F8811, Thermo
Fisher Scientific) green fluorescent beads, we use an average laser
power of ∼2 and ∼0.2 mW per beam at the objective back aperture,
respectively. The background fluorescence signal is on the order of 5
kHz.

Three-Dimensional Two-Color Dual-Particle Tracking Mi-
croscope (3D-2C-DPT). To perform dual-particle localization with
the TSUNAMI microscope, we implemented an additional PMT
(PMT2, Figure 1A) and a TCSPC routing module (a schematic
shown in Figure S1) in the TSUNAMI microscope. The second PMT
collects the light emitted from the second fluorophore in a separate
spectral channel (G1b−G4b, Figure 1C). The routing module (HRT-
41, Becker and Hickl) is required for routing the second detection
channel to the same TCSPC board (SPC-150, Becker and Hickl).
Additionally, an algorithm is needed to register the raw photon-count
rate from the second channel within the detection profile that locks
on the primary tracking target. The algorithm works to coregister the
location of the secondary particle relative to the primary particle
(Figure 1D), which means that the system would not be able to track
the secondary particle if it moves out of the excitation profile which
locks on the primary target.71 The coregistration of the secondary
target is achieved by taking the ratio of the summed photon counts in
each of the four time gates in the second PMT. Then, the location of
the secondary target is coregistered relative to the primary target
following the formulas below.
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Here, (G1a, G2a, G3a, G4a) and (G1b, G2b, G3b, G4b) were the total
photon counts in each time gate from PMT1 and PMT2. Error signals
(Exa, Eya, Eza) and (Exb, Eyb, Ezb) were multiplied by proportional
constants (Kx, Ky, Kz) to estimate the location. This dual particle
tracking setup and technique allow us to obtain key information about
the two-color dsDNA-linked dumbbell-like dimer, such as the
distance between the ends of the DNA linker and the orientation
of the DNA linker in 3D space in a freely diffusing solution (Figure
1F).

Calibration for Two-Color Localization. At the start of each
tracking experiment, we calibrated the tetrahedral profile to obtain
consistent and optimal tracking precision. A coarse realignment with
the 200 nm green beads was conducted before tracking fixed 40 and
200 nm green beads to acquire the data needed for calibration (Figure
2). Using the calibration data, we determined the fluorescence
intensity scaling factor, the crosstalk correction factor (Figure S3),
and the proportional constant (Note S3). Finally, the coregistration of
two spectrally distinct NPs was validated using an image-based
colocalization obtained by overlaying the trajectory with 2-photon
scanning results (Figure 3).
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Two-Photon Laser Scanning Microscope (2P-LSM). The
excitation light for 2P-LSM shared the same path as the nondelayed
beam in the multiplexer, and the other three beams were blocked with
shutters during laser scanning. The emission light was collected
through the same objective, split into three color bands by two
dichroic mirrors, and then condensed onto each PMT (H7422PA-40,
Hamamatsu). The first dichroic mirror picks of the blue-green
spectrum with a reflection edge at 550 nm (FF552-Di02-25×36,
Semrock), and the second dichroic splits the remaining light into
orange and red components with an edge at 640 nm (FF640-FDi01-
25×36, Semrock). Each PMT has a bandpass filter specific to the
fluorescent targets used for the experiment: 520/44 nm single-band
bandpass filter (FF01-520/44-25, Semrock) for nuclear staining
(Hochest 33258, H3569, Thermo Fisher Scientific) and green
fluorescent NP (F8780, Thermo Fisher Scientific), 605/64 nm
single-band bandpass filter (FF01-605/64, Semrock) for red
fluorescent NP (F8770, Thermo Fisher Scientific), and 675/67 nm
single-band bandpass filter (FF02-675/67, Semrock) for membrane
stain (Cellmask Deep Red, C10046, Thermo Fisher Scientific). The
mirror scanning and data acquisition were handled by a single DAQ
card (PCIe-6353, National Instruments) with a custom code interface
in LabVIEW. Pixel dwell times were 2.6 μs which correspond to a
frame rate of approximately 1.4 Hz. Image sizes were typically 34 × 34
μm2 (512 × 512 pixels).
We use detector 1 for both 2P-LSM and 2P-3D-DPT. Because we

only use one of the four beams (the nondelayed beam) for 2P-LSM,
the shift between the nondelayed beam and the centroid of the
tetrahedral profile is 250 nm in the xy plane and 500 nm in z. The
Abbe diffraction limits for our 2P-LSM are ∼260 nm in xy and ∼500
nm in z (objective lens of 1.3 NA and a peak emission of 675 nm from
Cellmask deep). Therefore, the shift was corrected with the
coregistration of trajectories and 3D-stacked images.
The 2P-LSM raw images were read into MATLAB from binary files

and denoised with a median filter before a 1D interpolation along the
z dimension. To segment the cellular compartments, we used a simple
intensity threshold technique that converts the image to a binary.
Thresholds were selected at each z plane to account for variation in
noise and brightness through the z-stack. The binary images were
used as a mask to plot the cell isocontour. The trajectories were
acquired with the same analog output device as the 2P-LSM images,
and they were directly overlaid with the cell compartment isocontour
with no conversion or scaling required.
Extracting Dynamic Parameters from MSD and MASD. The

typical approach to analyze the translational movement of a single-
particle trajectory started with the calculation of mean-squared
displacement (MSD),72,73 which describes the average squared
distance (d2, rΔφ⃗(t) is the position vector) that the particle has
explored in space at a given time lag (Δt):

r t r t t r t( ) ( ( ) ( ))2 2⟨Δ ⃗ ⟩ = ⟨ ⃗ + Δ − ⃗ ⟩ (7)

The translational diffusivity (Dt) is extracted from 3D trajectories by
fitting the MSD curves. The Dt was defined as the linear MSD fitting
result of the first 5 MSD points:69
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To reveal the rotational movement, we applied the mean-squared
angular displacement (MSAD) method to analyzing the rotation of
the dumbbell-shaped dimer.28 The tracer’s orientation vector, û, was
defined as the vector that extends from the centroid of a green bead to
the centroid of a red bead (Figure 1D). The cross-product û × û(t +
Δt) gives the direction of the instantaneous axis of rotation for a
vector rotational displacement Δφ⃗(t), whose magnitude is given by
y|Δφ⃗(t)| = cos−1(û·û(t + Δt)). The total angular displacement is
calculated with the following integral:74
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The unbounded MSAD is then given by
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Thus, we were able to measure the translational and rotational
diffusivities through MSD and MSAD, respectively.

Measurement of DNA Bending Kinetics. To characterize the
DNA bending dynamics, we developed an algorithm that was adapted
from an empirical Bayesian hidden Markov model (HMM). This
Bayesian model was first introduced to analyze single-molecule FRET
time traces.45 We have recently used this HMM approach to
characterize the hybridization kinetics of single diffusing DNA strands
in solution46 and in live cells.75 Instead of measuring changes in FRET
efficiency, our method quantified the transitions between stacked and
unstacked dsDNA by measuring the end-to-end distance of dual
particle-tagged dsDNA (Note S4). Since the HMM only reports the
estimated transition matrix, instead of the stacking−unstacking rates
of our interest, a conversion is needed. The conversion from the
transition matrix to transition rates is described in Note S5. Therefore,
the rates of transition between conformational states of DNA bending,
kon (stacked to unstacked) and koff (unstacked to stacked), were
extracted from the HMM analyses. The histograms of the end-to-end
distance of DNA probes were built from the traces of two-color dual-
particle trajectories. The histograms were then fitted by a Gaussian
mixture model with two components.

3D-2C-DPT on Live Cells. A prostate cancer cell line, LNCaP,
was a gift from Dr. Chun-Liang Chen at the University of Texas
Health Science Center at San Antonio. LNCaP cells were grown in
RPMI1640 (22400089, Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (16140-071, Thermo Fisher Scientific) and
1% penicillin−streptomycin (15140122, Thermo Fisher Scientific).
For tracking experiments, cells were seeded onto optical imaging 8-
well chambered coverglass (155411, Thermo Fisher Scientific). The
maximum diffusivity measurable is approximately 4.3 μm2/s as
determined previously.41 To slow down the fast-moving NP
(diffusivity of ∼2−5 μm2/s in water), we conducted the tracking
experiment in the cell culture medium supplemented with the 30%
dextran-40 while maintaining the same level of physiological
osmolarity (300 mOsm). Staining of the plasma membrane (Cellmask
Deep Red, C10046, Thermo Fisher Scientific) and nucleus (Hochest
33258, H3569, Thermo Fisher Scientific) allows the coregistration of
the trajectory with cellular landmarks. 2P-LSM images were taken of
the surrounding cellular environment before tracking to reconstruct
the 3D cell images. Then, the trajectory and 3D stacked cell images
were coregistered by postprocessing.

Hoechst 33258 and Cellmask Deep Red were commonly used for
staining live cells. Dextran-40 was approved by the FDA for the
treatment of shock or impending shock, venous thrombosis, and
pulmonary embolism through intravenous administration. The
osmolarity of the cell medium with 30% dextran-40 was maintained
at the same level as the physiological osmolarity (300 mOsm). The
live cells were stained right before the tracking experiment, and both
staining and tracking were completed within 30 min. More than 90%
of cells survived after exposure to Hoechst, Cellmask Deep Red, and
dextran sulfate for 90 min, agreeing well with the previous
reports.76−78
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estimated distance between green and red fluorescent
particles; and DNA sequence (PDF)
Movie S1: multiplexed excitation and demultiplexed
detection of 3D-2C-DPT (MP4)
Movie S2: 3D-2C-DPT of a dumbbell-like dimer in 30%
Dextran-450 (MP4)
Movie S3: landing of an anti-EGFR-conjugated dimer on
living cells 1 (MP4)
Movie S4: landing of an anti-EGFR-conjugated dimer on
living cells 2 (MP4)
Movie S5: landing of an anti-EGFR-conjugated dimer on
living cells 3 (MP4)
Movie S6: landing of an anti-EGFR-conjugated dimer on
living cells 4 (MP4)
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