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DESCRIPTION

PARTICLE TRACKING USING SPATIOTEMPORAL OFFSET LIGHT BEAMS

GOVERNMENT LICENSE RIGHTS

This invention was made with Government support under RO1EB008715, EBO11556,
NS078791, and NS082518 awarded by the National Institute of Health. The Government has

certain rights in the invention.
BACKGROUND INFORMATION

Single-particle tracking (SPT) has enabled the direct observation of dynamic
behaviors of particles (as used herein, a particle can be a single biomolecule, a molecular
complex, a vesicle, a lipid granule, or a viral capsid) inside complex biological systems [1],
with particle localization precision better than the diffraction limit of light [2,3]. Through
trajectory analysis SPT has provided insight into motor protein kinetics [4,5] cellular
membrane dynamics, [6—8] mRNA transport [9,10] and virus internalization processes
[11,12]. As the basis of passive micro rheology, SPT has also shed light on the local
environments of tracked particles through the observation of changes in particles’ random

movements [13].

Whereas SPT is becoming a powerful research tool, all current techniques suffer
from one or more of the following problems: shallow penetration depth (arising from the use
of one-photon excitation) [14-16], limited ztracking range (e.g. TIRF microscopy), poor
temporal resolution (e.g. frame-by-frame analysis in camera-based methods) [17,18], and low
information content (e.g. no information on the fluorescence lifetime) [19]. As two-photon
(2P) microscopy has become a standard method for deep tissue imaging [20] a few reports
demonstrated 3D tracking based on two-photon excitation. The first approach used a circular
scanning pattern of the focused laser beam to track particles [2, 21] but was limited to a
temporal resolution of 20~32 ms due to the laser scanning and signal demodulation. More
recently, 3D tracking of gold nanorods with 2P excitation was demonstrated by exciting
multiple foci and detecting fluorescence with an EM-CCD [18] but the 3D temporal
resolution was limited to about 0.5 s. Morcover, the use of a camera in multifocal 2P laser
scanning microscopy (2P-LSM) limits the working depth of SPT in scattering samples [22].
Although SPT with superior temporal resolution (bounded mainly by the emission rate of the

fluorescent label) and simultaneous fluorescence lifetime measurements have been achieved
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using confocal setups with 3-5 single-element/photon-counting detectors (PMTs or APDs) for
spatial filtering [14-16], these methods not only have limited working depth (not using 2P
excitation for tracking) but also suffer from loss of signals due to the non-overlapping
excitation and collection efficiency peaks in spatial filtering. Currently there is no single

solution to all of the above issues.

Molecular trafficking within cells, tissues, and engineered 3D multicellular models is
critical to the understanding of the development and treatment of various diseases including
cancer. However, current tracking methods are either confined to two dimensions or limited

to an interrogation depth of about 15 pm.

A 3D tracking method is presented herein capable of quantifying rapid molecular
transport dynamics in highly scattering environments at depths up to 200 pm. The temporal
resolution and a spatial localization precision as good as 50 us and 35 nm have been verified.
Built upon spatiotemporally multiplexed two-photon excitation, this approach requires only
one detector for 3D particle tracking and allows for two-photon, multicolor imaging. 3D
tracking of EGFR complexes at a depth of approximately 100 pm in tumor spheroids is

presented herein.

Embodiments disclosed herein, coined TSUNAMI (Tracking Single-particles Using
Nonlinear And Multiplexed Ilumination), are capable of tracking particles at depths up to
200 pm in scattering samples with 22/90 [xy/z] nm spatial localization precision and 50 ps
temporal resolution. At shallow depths the localization precision can be as good as 35 nm in
all three dimensions. The approach is based on passive pulse splitters used for nonlinear
microscopy to achieve spatiotemporally multiplexed 2P excitation and temporally
demultiplexed detection to discern the 3D position of the particle. The z-tracking range is up
to approximately 50 um (limited by the objective z-piezo stage) and the method enables
simultaneous fluorescence lifetime measurements on the tracked particles. A major advantage
of this method over previous tracking approaches is that it requires only one detector for SPT

and is compatible with multi-color two-photon microscopy.

The technology uses a unique spatiotemporally multiplexed point-spread function
(PSF). Traditional PSFs are circular and comprised of a single excitation beam. This novel
PSF uses 4 temporally offset beams (offset in 3.3 ns increments in particular embodiments)
that illuminate a tetrahedral pattern in image space. This PSF is achieved by a passive optical

system placed before the scanning optics of a traditional two-photon microscope. In certain



10

15

20

25

30

WO 2016/126250 PCT/US2015/014559

embodiments, the tracking algorithm utilizes Time-Correlated-Single-Photon Counting
(TCSPC) electronics (Becker & Hickl SPC-150) with 19.5 ps time resolution to demultiplex
the fluorescent decay from 4 excitation beams and yield the signal that can be processed to
achieve sub-diffraction localization of a single particle. To track the particle with the
localization signal galvanometric mirrors (xy scanning) and an objective focusing piezo stage

(z-dimension) actuate.

SUMMARY

Exemplary embodiments of the present disclosure comprise optical systems and
methods (including methods implemented using software) suited for sub-diffraction limited
three-dimensional localization of nanometer-scale particles. In exemplary embodiments, he
optical systems and methods can be used with conventional two-photon microscopy
equipment to perform high speed (up to 50 ps temporal resolution), high precision (up to 35
nm), and deep tissue (up to 200 um) three-dimensional single-particle tracking. Exemplary
embodiments can be configured for single-molecule studies of biological diffusion and

transport processes.

Exemplary embodiments include a system comprising: a light source; a plurality of
beam splitters configured to separate an input light beam emitted from the light source into a
plurality of excitation light beams; a first optical component configured to direct one or more
of the excitation light beams in a first lateral dimension; a second optical component
configured to direct one or more of the excitation light beams in a second lateral dimension; a
third optical component configured to adjust the collimation of one or more of the excitation
light beams; and an output beam splitter configured to transmit a first pair of excitation
beams and configured to reflect a second pair of excitation beams, where the first pair of
excitation beams and the second pair of excitation beams comprise spatiotemporally

multiplexed light beams.

In certain embodiments, the first pair of excitation beams transmitted by the output
beam splitter comprises a first excitation beam and a second excitation beam, and the first
excitation beam is temporally offset between 1 and 20 nanoseconds from the second
excitation beam. In particular embodiments, the second pair of excitation beams transmitted
by the output beam splitter comprises a third excitation beam and a fourth excitation beam,
and the third excitation beam is temporally offset between 1 and 20 nanoseconds from the

fourth excitation beam. In some embodiments, the third excitation beam is temporally offset
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between 1 and 20 nanoseconds from the second excitation beam. In particular embodiments,
the first pair of excitation beams transmitted by the output beam splitter comprises a first
excitation beam and a second excitation beam, and the first excitation beam is temporally

offset between 1 and 10 nanoseconds from the second excitation beam.

In specific embodiments, the second pair of excitation beams transmitted by the
output beam splitter comprises a third excitation beam and a fourth excitation beam, and the
third excitation beam is temporally offset between 1 and 10 nanoseconds from the fourth

excitation beam.

In certain embodiments, the third excitation beam is temporally offset between 1 and
10 nanoseconds from the second excitation beam. In particular embodiments, the first pair of
excitation beams and the second pair of excitation beams illuminate a polyhedral pattern in an
image space. Some embodiments comprise a two-photon microscope and a plurality of
optical detectors, where the first pair of excitation beams and the second pair of excitation
beams are directed to the two-photon microscope. In certain embodiments, the plurality of
optical detectors are configured as single-photon counting modules. In particular
embodiments, the optical detectors are coupled to a processor comprising an algorithm

configured to process a plurality of signals produced by the optical detectors.

In some embodiments, the algorithm is configured to demultiplex a fluorescent decay
from a single particle illuminated by the first, second, third, and fourth excitation beams, and
wherein the algorithm is configured to provide an output signal that can be processed to
achieve sub-diffraction localization of the single particle. In specific embodiments, the
output beam splitter is a polarizing beam splitter. In certain embodiments, the plurality of
beam splitters comprises s-polarized and p-polarized low group velocity dispersion beam
splitters. In particular embodiments, the first optical component and the second optical
component are galvanic mirrors and the third optical component is a lens. In some
embodiments, the light source is a laser configured to emit light at a wavelength between

800-900 nm and a pulse width of 50-1000 femtoseconds.

Exemplary embodiments include a method of tracking a single particle, where the
method comprises: separating an input light beam emitted from a light source into a plurality
of excitation light beams that are spatially and temporally offset; illuminating a single particle
with the plurality of light beams that are spatially and temporally offset’ detecting

fluorescence emitted from the single particle; and processing photon histogram data resulting
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from the illumination of the single particle by the plurality of excitation light beams that are

spatially and temporally offset to determine a location of the single particle at specific time.

In certain embodiments, processing photon histogram data comprises: counting and
correlating signal photons to a reference clock; extracting count values from a photon
histogram; selecting a plurality of windows from the photon histogram; obtaining a time gate
value from an average value for each window of the photon histogram; applying a
fluorescence correction factor to the time gate value to generate a corrected time gate value
for each window of the photon histogram; subtracting dark count values from the corrected
time gate value for each window of the photon histogram; calculating error signals from
normalized time window differences; applying proportional control gain values to the error
signals; and performing geometric transform to switch from point-spread function error

vectors to galvanic space error vectors.

In particular embodiments, the input light beam emitted from the light source is
separated into the plurality of excitation light beams via passive beam splitters. In some
embodiments, the plurality of excitation light beams that are spatially and temporally offset
comprises a first light beam and a second light beam; and the first light beam is temporally
offset between 1 and 20 nanoseconds from the second light beam. In specific embodiments,
the plurality of excitation light beams that are spatially and temporally offset comprises a
third light beam and a fourth light beam; and the third light beam is temporally offset
between 1 and 20 nanoseconds from the fourth light beam. In certain embodiments, the third
excitation beam is temporally offset between 1 and 20 nanoseconds from the second

excitation beam.

In particular embodiments, the plurality of excitation light beams that are spatially
and temporally offset comprises a first light beam and a second light beam; and the first light
beam is temporally offset between 1 and 10 nanoseconds from the second light beam. In
some embodiments, the plurality of excitation light beams that are spatially and temporally
offset comprises a third light beam and a fourth light beam; and the third light beam is
temporally offset between 1 and 10 nanoseconds from the fourth light beam. In specific
embodiments, the third beam is temporally offset between 1 and 10 nanoseconds from the
second beam. In certain embodiments, the plurality of excitation light beams that are
spatially and temporally offset illuminate a tetrahedral pattern in an image space. In
particular embodiments, the fluorescence emitted from the single particle is excited by a

pulsed laser. In some embodiments, the fluorescence emitted from the single particle is
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detected by a two-photon microscope. In specific embodiments, the two-photon microscope
is coupled to a plurality of optical detectors. In certain embodiments, the plurality of optical
detectors are configured as photomultipler tubes. In certain embodiments, the optical
detectors are coupled to a processor comprising an algorithm configured to process photon
histogram data resulting from the illumination of the single particle by the plurality of
excitation light beams that are spatially and temporally offset to determine a location of the

single particle at specific time.

In particular embodiments, processing photon histogram data comprises:generating an
output signal by demultiplexing a fluorescent decay from the single particle illuminated by
the plurality of light beams that are spatially and temporally offset; and processing the output
signal to achieve sub-diffraction localization of the single particle. In some embodiments, the
plurality of excitation light beams that are spatially and temporally offset are directed to a
plurality of passive beam splitters. In specific embodiments, the plurality of passive beam
splitters comprises s-polarized and p-polarized low group velocity dispersion beam splitters.
In certain embodiments, the plurality of excitation light beams that are spatially and
temporally offset are directed to a plurality of galvanic mirrors. In particular embodiments,
the plurality of excitation light beams that are spatially and temporally offset are directed to a
collimation lens. In specifc embodiments, the input light beam is generated by a laser
configured to emit light at a wavelength between 800-900 nm and a pulse width of 100-200

femtoseconds.

In the present disclosure, the term “coupled” is defined as connected, although not

necessarily directly, and not necessarily mechanically.

The use of the word “a” or “an” when used in conjunction with the term “comprising”
in the claims and/or the specification may mean “one,” but it is also consistent with the
meaning of “one or more” or “at least one.” The term “about” means, in general, the stated
value plus or minus 5%. The use of the term “or” in the claims is used to mean “and/or”
unless explicitly indicated to refer to alternatives only or the alternative are mutually
exclusive, although the disclosure supports a definition that refers to only alternatives and

“and/or.”

The terms “comprise” (and any form of comprise, such as “comprises” and
“comprising”), “have” (and any form of have, such as “has” and “having”), “include” (and

any form of include, such as “includes” and “including”) and “contain” (and any form of
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contain, such as “contains” and “containing”) are open-ended linking verbs. As a result, a
method or device that “comprises,” “has,” “includes” or “contains” one or more steps or
elements, possesses those one or more steps or elements, but is not limited to possessing only
those one or more elements. Likewise, a step of a method or an element of a device that
“comprises,” “has,” “includes” or “contains” one or more features, possesses those one or
more features, but is not limited to possessing only those one or more features. Furthermore,
a device or structure that is configured in a certain way is configured in at least that way, but

may also be configured in ways that are not listed.

Other objects, features and advantages of the present invention will become apparent
from the following detailed description. It should be understood, however, that the detailed
description and the specific examples, while indicating specific embodiments of the
invention, are given by way of illustration only, since various changes and modifications
within the spirit and scope of the invention will be apparent to those skilled in the art from

this detailed description.
BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 illustrates a schematic view of a beam multiplexer according to exemplary

embodiments of the present disclosure.

FIG. 2 illustrates a schematic view of a beam multiplexer according to exemplary

embodiments of the present disclosure.

FIG. 3 illustrates a control schematic according to exemplary embodiments of the

present disclosure.

FIG. 4 illustrates an algorithm flowchart according to exemplary embodiments of the

present disclosure.

FIG. 5 illustrates a schematic view of a system and data obtained from the system

according to exemplary embodiments of the present disclosure.
FIG. 6 shows data relating to fluorescent lifetime measurement during tracking.
FIG. 7 shows data relating to characterization of directed motion and free diffusion.
FIG. 8 shows data relating to localization uncertainty through turbid media.
FIG. 9 shows data relating to a comparison of molecular detection functions.

FIG. 10 shows data relating to a localization uncertainty measurements
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FIG. 11 shows data relating to an example photon count histogram.
FIG. 12 shows data relating to molecular detection function.
FIG. 13 shows data relating to 3D single particle tracking in monolayer cell cultures.

FIG. 14 shows data relating to deep single particle tracking of EGFR in a spheroid

model.
FIG. 15 shows data relating to an inhibited spheroid trajectory.

FIG. 16 shows a photograph of a spatiotemporal beam multiplexer according to

exemplary embodiments of the present disclosure.

FIG. 17 shows data relating to spheroid formation and initiation protocol for A431

cells.
FIG. 18 shows a schematic of the preparation of samples for EGFR tracking.

FIG. 19 shows data relating to deep single particle tracking of EGFR in spheroid

model.
FIG. 20 shows data relating to free diffusion validation with glycerol titration.
FIG. 21shows data illustrating that EGF induces internalization of EGFR.

FIG. 22 shows data relating to intra-cellular transport in a spheroid model.
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

Exemplary embodiments of the present disclosure utilize a unique spatiotemporally
multiplexed point-spread function (PSF). Traditional PSFs are circular and comprised of a
single excitation beam. Particular embodiments of the novel PSF disclosed herein utilizes
four temporally offset beams (e.g. with offset increments measured in the nanosecond range)
that illuminate a tetrahedral pattern in image space. The PSF can be achieved by a passive

optical system placed before the scanning optics of a traditional two-photon microscope.

In specific embodiments, the tracking algorithm can utilize Time-Correlated-Single-
Photon Counting (TCSPC) electronics (e.g. Becker & Hickl SPC-150) with picosecond time
resolution (e.g. 19.5 ps resolution in one particular embodiment) to demultiplex the
fluorescent decay from four excitation beams and yield the signal that can be processed to
achieve sub-diffraction localization of a single particle. In order to track the particle with the
localization signal, galvanometric mirrors (x-y scanning) and an objective focusing piezo
stage (z-dimension) can actuate the focal plane in sample space to keep up with the freely

diffusing particle.

Referring now to the exemplary embodiment shown in FIG. 1, a beam multiplexer
system 100 comprises a light source 110 emitting light 111 to a beam splitter 120 which
reflects a portion of light 125 emitted from light source 110 to a pair of mirrors 121, 122.
Light 125 is directed from mirrors 121, 122 through lenses 123, 124 and then to mirrors 126,
127. A portion of light 129 is transmitted through beam splitter 120 and passes through half
wave plate 118 before entering beam splitter 130. Beam splitter 130 reflects a portion of
light 129 and transmits a portion of light 125 to a first pair of mirrors 131, 132 and a second
pair of mirrors 136, 137. This light is shown as a light beam 135 comprising the reflected
portion of light 129 and the transmitted portion of light 125 (which has been delayed with
respect to light 129).

In addition, beam splitter 130 transmits a portion of light 129 and reflects a portion of
light 125 as a light beam 139 to a polarized beam splitter 140. Polarized beam splitter 140
reflects a portion of light beam 139 and transmits a portion light beam 135 (which has been
further delayed with respect to light 139) as a light beam 145. In addition, polarized beam
splitter 140 transmits a portion of light beam 139 and reflects a portion of light beam 135 as a
light beam 149.
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Beam splitter 150 reflects a portion of light beam 145 to a beam dump 160 and
transmits a portion of light beam 149 to beam dump 160. Beam splitter 150 also transmits a
portion of light beam 145 and reflects a portion of light beam 149 as an output beam 170 in a
spatiotemporally multiplexed point-spread function (PSF). In the embodiment shown, output
beam 170 includes four temporally and spatially offset beams that can be used to illuminate a

tetrahedral pattern in image space.

In order to spatially separate the light beams in image space, mirrors 137 and 142 and
lens 123 can be adjusted. In certain embodiments, mirror 137 can control separation of beam
135 into a beam pair in the x-dimension, while mirror 142 can control beam separation of
beam 149 in the y-dimension. In certain embodiments, lens 123 is part of a telescope
assembly that can adjust collimation of beam 125 (which is a component of beam 135) thus
changing its focal plane (z-offset) relative to beam 129 (which is a component of beam 139).
To recombine beams 135 and 139 and create the desired pair offsets, polarizing beam splitter
140 can be used, followed by beam splitter 150, which can be configured as a standard 50:50
beamsplitter. The placement of the four beam splitters 120, 130, 140 and 150 relative to the

adjustment optics creates a PSF that can be used for sub-diffraction localization of particles.

In particular embodiments, light source 110 is configured as a Ti:ALO; laser with
800-900 nm wavelength, 76MHz repetition, and 150 fs pulse width. In certain embodiments,
beam splitters 120 and 130 are 50:50 beam splitters and the light pulses are delayed in time
by 3.3 ns each using two physical delay lines. In specific embodiments, the delay line
incorporating mirrors 121, 122 is approximately two meters in length and the delay line

incorporating mirrors 131, 132 is approximately one meter in length.

Other embodiments of the present disclosure may comprise a different configuration
of components. For example, referring to the embodiment shown in FIG. 2, a beam
multiplexer system 200 comprises a light source 210 emitting light 211 to a beam splitter 220
which reflects a portion of light 225 emitted from light source 210 to a pair of mirrors 221,
222, In this embodiment, beam splitter 220 is configured as a low group velocity dispersion
(GVD) p-polarized beam splitter. Light 225 is directed from mirrors 221, 222 through lenses
223, 224 and then to beam splitter 240, which is also configured as a low GVD p-polarized

beam splitter.

10
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A portion of light 229 is transmitted through beam splitter 220 and passes through
half wave plate 218 before entering beam splitter 230 which is configured as a low GVD s-
polarized beam splitter in this embodiment. Beam splitter 230 reflects a portion of light 239
to a first pair of mirrors 231, 232 and a second pair of mirrors 236, 237. In addition, beam
splitter 230 transmits a portion of light 249 to a beam splitter 250 that is also configured as a

low GVD s-polarized beam splitter in this embodiment.

Beam splitter 250 reflects a portion of light 239 to a beam dump 295 and transmits a
portion of light 249 to beam dump 291. In addition, beam splitter 250 transmits a portion of
light 239 and reflects a portion light 249 as a light beam 295 to a polarized beam splitter 280.
In the embodiment shown, light 239 is temporally delayed with respect to light 249.

Referring back now to light beam 225, beam splitter 240 reflects a portion of light 245
and transmits a portion of light 279. Light 245 is directed by mirrors 261, 262, 263 and 264
to a beam splitter 260, which is configured as a low GVD p-polarized beam splitter in this
embodiment. Light 279 is directed by mirrors 265 and 266 to beam splitter 260. In the
embodiment shown, light 245 is temporally delayed with respect to light 279.

Beam splitter 260 reflects a portion of light 245 to a beam dump 290 and transmits a
portion of light 279 to beam dump 160. In addition, beam splitter 260 transmits a portion of
light 245 and reflects a portion light 279 as a light beam 285 to polarized beam splitter 280.

Polarized beam splitter 280 reflects a portion of light beam 295 and transmits a
portion of dual light beam 285 to create output beam 270. In the embodiment shown, mirrors
237, 264 and 266 can be used to position the light beams in the X-Y plane (similar to mirrors
137 and 142 in the previous embodiment). In addition, lens 223 can be adjusted to adjust

collimation of the light beams (similar to lens 123 in the previously described embodiment).
CONTROL SCHEMATIC

Referring now to FIG. 3, one exemplary embodiment of a control schematic for the
systems disclosed herein shows system level interaction and feedback control loop. In this
embodiment, a free running 76 MHz pulse train generated by a Ti:AI203 oscillator (Mira
900, Coherent) passes through the beam multiplexer and onto the sample. Fluorescence is
detected by a cooled low dark count PMT (H7422P-40, Hamamatsu Corp.) and amplified
with a 2 GHz cutoff bandwidth preamplifier (HFAC-26, Becker and Hickl GmbH). The

11
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amplified analog signal is then counted and correlated to the reference clock of the Ti:A1203
oscillator with a PCI-based photon counting board (SPC-150, Becker and Hickl GmbH). In
this embodiment, every 1-5 ms a photon histogram is polled from the TSCPC module and
processed in the software loop run in LabVIEW (National Instruments). The tracking
algorithm employs a proportional control to convert the error signals to new stage positions.
New voltages are sent out through a DAQ (PCle-6353, National Instruments) to their

respective actuators, scan mirrors for X and Y, piezo objective stage for Z.

Due to the time dependent nature of this measurement technique it is important that
the control loop operates at the desired frequency, typically 5 ms. To achieve this
deterministic requirement in windows operating system the LabVIEW control loop can be
driven by an external hardware timed clock (counter from PCle-6353 board). Using this
method, deterministic loops can be achieved with rates up to 2 kHz without missing a
hardware clock tick. For a typical 8 minute trajectory there are no missed loops out of 96,000

requested with a 5 ms (200 Hz) control loop period.

Referring now to FIG. 4, an algorithm flowchart 400 for the systems disclosed herein
depicts the steps used by the software during operation. In the first step, the algorithm counts
and correlates the signal photons to the reference clock. Then, the algorithm extracts count
values from the photon histogram, and obtains values G1, G2, G3 and G4 from the average
over the window. The windows can be selected manually from a calibration routine. A
fluorescence correction factor [F] is calculated. With fluorescence greater than about 3 ns,
time gate confounding is corrected by removing fluorescence contribution from the previous
window. Factor [F] depends on fluorophore lifetime. For example, for fluorescein F = 3 (4

ns decay) and ford Au nanorods F =0 (100 ps decay).

The algorithm then subtracts dark count values from corrected time gates G1°, G2°,
G3’ and G4’. Dark counts are obtained prior to experiment by observing static background
with no laser illumination. A single value is calculated from the TCSPC module and values

D1, D2, D3 and D4 are obtained by weighting dependent on the width of the time gate.

For example, window 1 is 0.243 of the total photon histogram, so D1=0.243*D where

D is the dark count recoded from the detector prior to the experiment.

Error signals can then be calculated from normalized time window differences.

Values range from [-1, 1]. The algorithm then applies gain values Kpx, Kpy and Kpz. The
12
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algorithm also performs a geometric transform to switch from PSF-space error vectors (Ex)
to galvo space error vectors (Exg). Additional details and functions of the algorithm are

shown in FIG. 4.
EXPERIMENTAL RESULTS

Exemplary embodiments of the present disclosure are capable of tracking particles at
depths up to 200 um in scattering samples with 22/90 [xy/z] nm spatial localization precision
and 50 ps temporal resolution. At shallow depths the localization precision can be as good as
35 nm in all three dimensions. The approach is based on passive pulse splitters used for
nonlinear microscopy [24] to achieve spatiotemporally multiplexed 2P excitation and
temporally demultiplexed detection [25] to discern the three-dimensional position of the
particle. In one embodiment, the z-tracking range is up to approximately £50 um (limited by
the objective z-piezo stage) and the method enables simultancous fluorescence lifetime
measurements on the tracked particles. One advantage of this method over previous tracking
approaches is that it requires only one detector for SPT and is compatible with multi-color
two-photon microscopy. Capabilities of exemplary embodiments are demonstrated by
tracking single fluorescent beads in aqueous solutions that include scattering, as well as

tracking prescribed motions in these controlled environments.

Exemplary embodiments can also demonstrate tracking of EGFR (epidermal growth
factor receptor) complexes tagged with fluorescent beads in tumor spheroids, demonstrating
deep 3D SPT in multicellular models. This technique may be referred to herein as

TSUNAMI (Tracking Single-particles Using Nonlinear And Multiplexed Illumination).
Spatiotemporal Multiplexer Design

In the spatiotemporal multiplexed scheme, laser pulses emitted with a 13 ns period
from a Ti:sapphire oscillator are separated into four beams, which are delayed by 3.3 ns each
and focused through a high-N.A. objective at slightly offset xyz positions. The four resulting
2P-excitation volumes are arranged into a barely overlapped, tetrahedral geometry (see FIG.
5c), to generate selective excitation equivalent to the spatial filtering condition in the previous
four-detector confocal tracking setup (15) with each 2P-excitation volume receiving laser
pulses at a different time delay. For a fluorescent particle residing somewhere inside the
excitation tetrahedron, its 2P emission is collected by a photomultiplier tube (PMT1 in FIG.
S5a). Through time-correlated-single-photon counting (TCSPC) detection, each detected
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photon is assigned to a specific time gate (G1-G4, here assuming the decay time is
approximately 4 ns or less) in the fluorescence decay histogram (FIG. 5b), and therefore
attributed to an individual excitation volume. For a particle sitting at the center of the
tetrahedron, the resulting photon counts are approximately equal in all four time gates. An
offset of the particle from the tetrahedron center can be estimated from the normalized photon
count differences in the four time gates (i.e. error signals Ex, Ey and Ez in FIG. 3). Once the
particle position offset is determined, a closed feedback loop then steers galvanometer
mirrors and the objective z-piezo stage to lock the tracking beams on the particle. A
particle’s 3D trajectory is therefore determined directly from the controller output sent to the

galvanometer and piezo actuators.

FIG. 5a shows a schematic of an embodiment with a two-photon 3D tracking
microscope. Spatiotemporal multiplexing is enabled through the beam multiplexer optical
system which utilizes 2 beam-splitters (BS1 and BS2) configured in a recombination design
to generate 4 beams which can be quasi-independently controlled via mirrors (M1 and M2).
Physical delay lines can be tuned to provide temporal separation. In this case 6.6 ns (2
meters) and 3.3 ns (1 meter) path length delay lines create 4 beams with a period of 3.3 ns
corresponding to an even division of the fundamental 13 ns period generated by the laser
oscillator used (Mira 900, Coherent). Tracking actuation is performed using scanning mirrors

(SM) and an objective focusing stage (Z-Piezo).

FIG. 5b show photon counting histogram of a particle centered in the middle of the
four-excitation focus demonstrating temporal offsets and power balance between the
independent excitation beams. FIG. 5c shows an idealized image space projection of the
tetrahedral PSF. Beam spacing has been exaggerated to demonstrate offsets, tuning can easily
be performed by manual alignment continuously over a range of 100 nm to tens of
micrometers. d. Experimental laser scanning image of a single 100 nm diameter fluorescent
bead with simultanecous 4 beam excitation. Scale bar is 1 pm. HWP is half-wave plate, PBS

is polarizing beamsplitter, DM is dichroic mirror, and BD is beam dump.

Spatiotemporal multiplexing has previously been explored for diffusion
measurements [26] and tracking [27] but these methods rely on a picosecond pulsed laser for
one photon excitation and therefore are not suitable for use in multicellular models or tissues.
Furthermore, only one photomultiplier tube (PMT1 in FIG. 5a) is needed for SPT in

exemplary embodiments of the present disclosure, whereas 3 to 5 detectors are needed in

14



10

15

20

25

30

WO 2016/126250 PCT/US2015/014559

confocal tracking setups (14-16). In addition the fluorescence lifetime of the tracked particle
is readily determined from the time-resolved photon data (see FIG. 6) [21]. As the laser
beam is steered by active feedback to lock on the tracked particle, a large tracking range is
achieved (approximately £50 pum in z direction and approximately 100 um in x-y) with
minimal perturbation to the samples (whereas some confocal setups require the sample to be

moved in order for SPT [14,15].
Calibration and Localization Precision Characterization

To validate the TSUNAMI microscope, fluorescent beads were first tracked (
diameter 100 nm, decay time about 3.9 ns) in aqueous solution (see FIG. 7) and in 9% gelatin
gel with 1% intralipid (a highly scattering environment; see FIG. 8). By following prescribed
motions in these controlled environments [2] the localization precision, tracking speed limits,

temporal resolution, and tracking depth of the system were successfully characterized.

From optical modeling, the optimal lateral and vertical separation distances between
the two-photon excitation volumes were estimated to be 500 nm and 1,000 nm, respectively
(see FIG. 9) [23]. The alignment of the four excitation beams was verified by volumetric
scanning of a fixed fluorescent bead (see FIG. 5d). To determine particle localization
uncertainty and maximum speed that the system can follow, the inventors tracked a fixed
fluorescent bead (diameter 100 nm, F-8803, Life Technologies) loaded on an independent
xyz piezo stage (P-733K130, PI) [2]. The independent stage was programmed to move in a
helical pattern (see FIG. 7a). At an average speed of 2 pum/s, the estimated tracking errors

(rm.s.) were 16.2 nm in x, 16.7 nm in y, and 35.1 nm in z (see FIG. 10).

FIG. 7 shows characterization of directed motion and free diffusion. FIG. 7a shows an
example helical trajectory of a 100 nm diameter fluorescent bead moved through a known
path using an independent 3D piezo stage (P-733K 130, PI). The path duration was 7 seconds
with an average velocity of 2.1 um/s. The tracking system reproduced the true trajectory
accurately with 16.5 nm uncertainty in x and y and 33.3 nm in z. Rainbow coloration
corresponds to time with blue representing the beginning of the trajectory. FIG. 7b shows
several helical trajectories were performed with varying mean velocities. The particle
localization uncertainty increases with increasing velocities up to 10 um/s, where the particle
speed is too fast for the controller to target lock. Within a range of 8 pm/s or less the

localization uncertainty is essentially constant, 16 nm for x and y, and 45 nm for z. c. Box
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plot with histograms of measured versus theoretical diffusion coefficients for 80% wt.
glycerol , 50% wt. glycerol , 20% wt. glycerol , and 100% water, respectively. The measured
central tendency of the diffusion coefficients were found to agree with the Stokes-Einstein
equation for wide range of values (0.07 — 4.3 um2/s). The agreement with theory can been
seen by how closely the data follow the 1:1 guide line (plotted on semilog scale) d. An
example trajectory of a 100 nm diameter fluorescence bead in an 80% wt. glycerol solution,
free diffusion was observed over 43 seconds. FIG. 7e. shows particle photon count rate
versus time, a monotonically decreasing count rate indicates that a single particle is being

tracked. Due to a photobleaching effect the rate decays over the course of the trajectory.

FIG. 10 shows localization uncertainty measurements. FIG. 10a shows additional
helical trajectory of @1} nm fhiorescent bead (F-8803, Life Technologies) fixed to coverslip
and scanned using 3D piezo stage. The scan was programmed for +£800 nm xy range and 6
um/s mean velocity. FIG. 10b shows additional helical trajectory of £3 pm xy range and 9.6
um/s mean velocity. FIG. 10c shows particle brightness over time for trajectory in FIG. 10a,
measured in photon counts per second. At high velocities the count rate oscillates due to a
slight misbalance in the excitation efficiencies of each beam, this effect was only noticed for
helical trajectories with mean velocities higher than 6 pm/s. Localization accuracy remains
acceptable even for very high mean velocities up to approximately 10 pm/s where the particle
displacement within a 5 ms time-step is too large for the proportional controller to remain
locked into the target. FIGS. 10d, 10e, and 10f show localization error graphs for trajectory
in Fig. 10a along x, y, and z dimensions respectively. The error value at each time-point was
calculated by the difference between the tracking actuator outputs (scan mirrors for xy,
objective piezo for z) and the feedback sensor measurements in the 3d path scanning stage.
With a sub-nanometer resolution it is assumed that the 3d stage feedback sensors represent
the actual position of the stage in a given time point. The localization uncertainty was
calculated from the raw error values by taking the root mean squared deviations (rms). The
rms deviations of the error signal were 16 nm for x y and 35 nm for z even for high velocities

up to 6 um/s.

The localization precision stayed below 45 nm when the particle speed was less than 8
um/s (see FIG. 7b). It should be noted that the fastest molecular motor known today, FtsK,
travels at about 7 um/s [28]. Other than prescribed motions, the inventors also tracked freely

diffusing particles at various diffusion rates. Diffusion coefficients were estimated from
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fitting the mean-square displacement (MSD) and compared with the values predicted from
the Stokes-Einstein equation. Excellent agreements were seen in a wide range of diffusion
coefficients (0.07-4.3 um2/s in FIG. 7). Whereas a previous 3D-SPT report has successfully
tracked particles diffusing at 20 pm”/s [14] it was noted that the diffusion coefficient of a free
receptor complex on the cell membrane is roughly on the order of 0.02 um2/s [29] and the
fast diffusion coefficient of proteins in cytosol is on the order of 5 um2/s [30]. The system

thus was able to probe rapid molecular transport dynamics inside cells.
Temporal Resolution Characterization

Temporal resolution of the disclosed tracking system is defined as how fast the
particle position is discerned in 3D space with reasonable localization accuracy. Although the
control loop period for the disclosed systems is 1-5 ms, it is noted that the temporal resolution
can be significantly better than 1 ms by outputting the individual photon event data (Time
Tag) from the TCSPC board (while the control loop period remains at 1-5 ms). In offline
analysis trajectories can be resampled with temporal resolution down to 50 us (see FIG. 11).
In this condition the trajectory is plotted from a combination the original control loop rate
voltage outputs and n-samples of higher time resolution localizations relative to the current
beam position. Localizations are performed using re-binned histograms with photons arriving

only within the super-sampled time period.

FIG. 11 shows 50 ps time resolution. To demonstrate resolution down to 50 ps bright
nanoparticle trajectories were measured and reconstructed using individual photon count data
(see Section titled Online Methods). 40 nm diameter fluorescent microspheres (F8770, Life
Technologies) were tracked in a 50% wt. glycerol solution under free diffusion. The
individual photon count data stored in the FIFO was saved and analyzed in post-processing to
reconstruct trajectories with higher temporal sampling. Using sufficient laser power (3
mW/beam) a photon count rate between 1-2 MHz was achieved, which corresponds to
between 50-100 photons per localization at 50 us time resolution. The inventors were able to
localize the particle with this number of photons as useful signal counts for each beam are 12-
25 photons whereas background noise, even in the worst condition, is only 0.5 photons per
beam (for 40 kHz background during live cell imaging). FIG. 11a shows an example photon
count histogram sampled from a single control loop period of 5 ms. FIG. 11b shows the same
photon count data resampled with 200 ps time bins and displayed as a 2D surface, x-axis is

the micro-time in nanoseconds and y-axis is the resampled histogram time with 200 ps
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resolution. The black arrows denote a sudden shift in beam intensities resulting from the
particle movement during the 5 ms integration period. A perfectly centered and stationary
particle would appear as four ridges along the y axis of the 2D surface. FIGS. 1lc, 11d, and
11e show a 0.5 second long trajectory sampled with 5 ms, 100 ps, and 50 us time resolution,

respectively.
Tracking Depth Characterization

To mimic 3D tracking in a turbid tissue sample, 40 nm diameter fluorescent beads

were fixed within a 9% gelatin gel with 1% intralipid as shown in FIG. 8.

FIG. 8 shows localization uncertainty through turbid media. FIG. 8a shows 40 nm
diameter fluorescent beads (F-8770, Life Technologies) were prepared in a matrix of 1%
Intralipid and 9% gelatin to mimic a turbid tissue sample. Directed motion was performed as
described previously (Fig. 10) with an independently controlled 3D piezo stage. FIG. 8b
shows helical directed trajectories were measured at three different depths all with a mean
velocity of 1.0 um/s. Trajectories were recorded at 10 um, 100 um, and 200 um past the
coverslip. As expected required excitation power increases with increasing depth, while
localization accuracy decreases. X and Y localization suffer only a minor decrease, from
about 16 nm to about 21 nm rms whereas the Z localization experiences a slightly increased
reduction in precision from about 60 nm to about 89 nm rms. This reduction in Z localization
can be attributed to an elongated PSF that occurs when light is focused through scattering
samples that effectively blurs the beams along z and lowers the optical contrast signal
required to lock onto the target. FIGS. 8c, 8d and 8e show localization error values recorded
at 200 um depth for x, y, and z dimensions respectively. Histograms are displayed to the right
for each curve. It can be seen that these distributions can be fit very accurately to a normal
distribution indicating that there are no systematic errors or instrument artifacts corrupting the

localization even at a depth of 200 pm into the scattering sample.

When tracking beads undergoing prescribed motion at about 10 um depth,
localization uncertainty stayed the same in x-y direction but slightly increased in z direction
(60 nm). Localization uncertainty further increased to about 89 nm at the depths of 100
through 200 um, while localization uncertainty stayed below 22 nm in x-y direction at both
depths. This reduction in z localization precision may be due to an elongated molecular

detection function (see FIG. 12) that occurs when light is focused through scattering samples
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which may blur the beams along the z dimension [31] and lower the optical contrast signal
required to lock onto the target. Despite this slight reduction in z tracking accuracy at depth,
TSUNAMI is capable of maintaining better than 100 nm axial localization through 200 pm of

a scattering sample.

FIG. 12 illustrates molecular detection function. To calibrate the 3D localization
technique 100 nm diameter fluorescent beads were fixed to a coverslip and imaged in 3D in a
3 by 3 by 5 um stack. At each voxel of the stack a photon counting histogram was recorded
using 5 ms integration time. The raw waveform was demultiplexed (see discussion of FIG. 3)
and processed to yield error values along all three dimensions. FIG. 12a shows the composite
image of all 4 beams at the mean z focus. Blue lines denote the center x and y axes. FIG. 12b
shows the X error map which is a calculation of x error weight Ex at every pixel in the image.
FIG. 12c shows the Y error map which is a calculation of the y error weight, Ey, at every
pixel in the image. FIG. 12d shows a line profile through the x error map at the location
drawn in Fig. 12b. Precision target tracking is feasible over a 500 nm range. FIG. 12e shows
a normalized error line profile through Y error map (Fig. 12¢) showing near exact positional
dependence on error as the x profile, as expected. FIG. 12f shows the normalized error
through all images in the stack located at the mean intensity position denoted by the
intersection of the blue lines in Fig. 12a. To smooth the curve the error value was calculated

with 2 adjacent pixels in each image, the slope remains the same. Scale bar is 1 pm.
2P-3D-SPT in Monolayer Cultures and Cancer Spheroids

FIG. 13 shows 3D single particle tracking in monolayer cell cultures. The capability
to track singly labelled EGF molecules is demonstrated in a high background live cell
environment. FIG. 13 a shows 3D Isocontour model of the cell structure with staining for
plasma membrane (red) and nuclei (blue). Scale bar is 10 pm. FIG. 13b shows cell iso-
surface model plotted with trajectory overlaid (inset: Zoomed in view of the particle
trajectory, a single fluorescence microsphere labelled EGF molecule was tracked for a
duration of 460 seconds with rainbow coloration corresponding to time, where blue marks the
beginning). FIG. 13c shows instantaneous velocity graph with colors directly corresponding
to the trajectory. For the first 150 seconds the particle undergoes slow directed diffusion
(mean velocity ~0.4 pum/s) along the exterior of the cell. A ramp in velocity is observed

followed by a period of high average velocity (start denoted as point 1), ~2 pm/s, and
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unidirectional transport of 1 um. This behavior indicates some form of internalization into the

cell or transport within the cell. FIG. 13d. Trajectory plotted with no cell contour overlay.

Here the inventors used the endocytosis and subcellular trafficking of EGFR
complexes in A431 monolayer culture and tumor spheroids as a model system for instrument
validation. The inventors tracked single nanoparticle bound EGFR complexes (see section
titled Online Methods) in monolayer cell cultures (see FIG. 13A) and spheroids with a
diameter of about 100 um (see FIG. 14a) for periods up to 10 minutes. Prior to SPT, two
photon fluorescence images were taken of the surrounding cellular environment. Staining of
the plasma membrane and nucleus allows co-registration of the particle trajectory and cellular
landmarks. In post processing the trajectory and cellular images are co-registered (see FIG.

13B) to visualize EGFR entry pathways.

The inventors found that out of 100 trajectories about 80% of EGFRs had been
internalized into the cells within approximately 6 minutes. The inventors notice transport
modes similar to those described in prior work (32) (see FIG. 13d). The average velocity (2
um/s) and total transport length (1-2 um) during internalization are in good agreement with

values previously reported.

FIG. 14 shows deep single particle tracking of EGFR in a spheroid model. FIG. 14a
shows 3D isocontour of a 100 pum diameter spheroid taken with 2P LSM staining for plasma
membrane (red) and nuceli (blue). The highlighted slice denotes the z-plane (at 50 um depth)
where the trajectory was measured. The white circle denotes the location of the trajectory on
the plasma membrane. FIG. 14 b shows the isocontour model of the £5 um slice taken 50 pum
deep within the spheroid. The cell membrane and nuclei are overlaid with the trajectory
(black circle), (inset: zoomed view of the trajectory). The trajectory begins inside the cell
with slow displacement (velocity about 0.17 pm/s) for 250 seconds where velocity increases
to 2 um/s and is sustained for 0.5 seconds in a unidirectional manner. This behavior is
indicative of some form of internalization. FIG. 14c shows a close view of the trajectory.
Point 1, marked with a black circle, is where velocity increases and is sustained for 0.5
seconds. FIG. 14d. shows the trajectory plotted without cell overlay, the total transport length
within the high velocity region is 1 um. FIG. 14e shows instantaneous velocity plot over the

duration of the trajectory. Scale bar is 600 nm.

20



10

15

20

25

30

WO 2016/126250 PCT/US2015/014559

For spheroid models the inventors measured EGFR entry pathways at a variety of
depths from 20 um to 100 um past the coverslip (see FIG. 14c¢) and found good agreement in
terms of the speed and transport length during internalization (see FIG. 14d). Although the
required power to obtain clean spheroid images expectedly increased with imaging depth, the
total signal count rate (500-800 kHz) and signal to noise remained well within a threshold
required for target locking. EGFR trajectories were easily measured at a depth of 100 um for
up to 10 minutes with minimal photobleaching. To evaluate whether the trajectories are
representative of biological events or system artifacts the inventors measured trajectories
under a control environment with an endocytosis inhibitor, sodium azide, and low
temperature (<20°C) (see FIG. 15). Of the 30 inhibited trajectories the inventors observed no
high speed transport modes and only external membrane bound slow diffusion with an

average velocity of about 0.2 um/s. The average tracking duration was 500 seconds.

FIG. 15 shows an inhibited spheroid trajectory, specifically an example EGF
trajectory with sodium azide inhibitor in a spheroid model. FIG. 15a shows an isocontour
image with cell membrane (red) and nucleus (blue) are overlaid with the trajectory (black
circle). FIGS. 15b and 15¢ shows zoomed images of the trajectory. Over the entire 600
second trajectory the displacement was about 600nm and no entry through the membrane

occurred. FIG. 15d shows instantaneous velocity plot with mean velocity 0.2 um/s.

The disclosed methods and systems are capable of measuring biologically relevant
activity in the high background environment of monolayer and spheroid models with
instantaneous transport speeds up to 7 um/s. The inventors believe that TSUNAMI is capable
of measuring EGFR translocation pathways at depths 10 times what was previously possible
through highly scattering, cell dense samples. In addition the multi-color, multi-resolution
two photon fluorescence imaging functionality is inherently integrated to allow for co-

registration of deep trajectories to local cellular/tissue environment in three dimensions.
Discussion

Whereas a few reports demonstrated 3D-SPT in monolayer cell cultures using two-
photon excitation [2,18] to the best of the inventors’ knowledge high-resolution subsurface
particle tracking in three dimensions has never been demonstrated in highly scattering
multicellular environments. One recent report demonstrates deep 3D-SPT light sheet

microscopy using astigmatism [33] however the capability is limited by the use of an emCCD
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(16 ms temporal resolution), and would prove difficult to implement multicolor tracking or
simultaneous lifetime measurement schemes. Furthermore, the inventors expect an astigmatic

PSF would have significantly decreased localization precision when tracking at depth (>10

um) [17].

Other than penetration depth, two photon excitation provides the ability to excite
multiple fluorophores simultaneously, which greatly facilitates multi-color detection (see
FIG. 13). Two factors that determine the fundamental limit of the temporal resolution are the
detector and the tracer. The timing resolution (FWHM of the instrument response function) of
the disclosed detector (H7422P-40, Hamamatsu) is about 230 ps (see Fig. 6). Whereas this
response time is typical in photon-counting detectors, it is still orders of magnitude faster
than CCD. It is well known that localization accuracy of a fluorescent particle relies heavily
on the brightness and photostability of this fluorescent molecule. Assuming that a bright
fluorophore has an emission rate of 10° s™ and 10 percent of emitted photons are collected,
the detected photons could exceed 10 per second. As approximately 100 photons are needed
for particle position determination with moderate precision, this could mean that the ultimate
temporal resolution for SPT is approximately 10 us. Other research groups have reported
achieving 10 nm 3D localization precision and 10 ps temporal resolution in confocal 3D
tracking of a giant QD cluster (about 40 QDs) [14]. The 3D tracking of the currently
disclosed system approach has better collection efficiency due to non-descanned detection
and the emission light is not split among multiple detectors. Accordingly, the currently
disclosed system should reach similar temporal resolution and localization precision using a

tracer system with ultrahigh emission rate but with a short lifetime.

Moving the beam through the sample instead of moving the sample itself [14,15,21]
has the additional advantage that beam steering is generally faster than the movement of a
potentially heavy stage. Also steering the beam is particularly suitable for applications in
neuroscience, such as patching clamping, which requires stationary samples. While the stage
response frequencies (10 kHz for the galvo mirrors and 300 Hz for the objective z-piezo
stage) do not determine the temporal resolution of the currently disclosed tracking system,
they impose an upper limit on the observable particle speeds. One way to bypass this
limitation in mechanical scanning and negate the possibility that the observed dynamics are
influenced by the objective motion (via mechanical coupling through the immersion medium)

is to use fast adaptive optical elements in both lateral scan [21,34] and axial focusing [35].
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An important characteristic of the currently disclosed tracking microscope lies in the
fact that it is readily compatible with a number of fluorescence spectroscopy or microscopy
techniques for probing molecular interactions at the true single-molecule level and in real
time, including FRET36 (via lifetime measurements), multi-color single-molecule
imaging/spatiotemporal colocalization analysis [37] step counting [38] and MSD analysis
[34]. Since only one detector is used for 3D tracking, additional detectors can be easily added
and used for simultancous, multi-color detection, which can provide a structure overview of
the particle’s surrounding environment or indicate molecular interactions. On the other hand,
it is not straightforward to detect the second color simultaneously on the traditional confocal
tracking setups that employ 3-5 detectors for spatial filtering [14-16] as twice as many

detectors and serious alignment effort may be required for multi-color detection.

Here the inventors demonstrate a new 2P-3D-SPT microscope (TSUNAMI) that
addresses fundamental limitation of deep and high-resolution single-particle tracking in the
3D space. Extended from the current tracking results in multicellular models, the inventors
are working towards direct in vivo 3D-SPT at high spatiotemporal resolution. The currently
disclosed methods and systems can allow researchers to explore new questions in receptor

transport and dynamic processes directly in 3D tissues.
ONLINE METHODS

2P-3D-SPT instrumentation. The spatiotemporal beam multiplexer shown in FIG. 5)
is created entirely from passive optics comprised of beam splitters, mirrors, and waveplates
(see Fig. 16). A single pulse train from a modelocked Ti:A1203 laser (Mira 900, Coherent)
tuned to 835 nm is used as the primary beam which then gets multiplexed into four beams
offset in time and space. For temporal offsets, it was determined that to equally space four
beams with an original 76 MHz repetition rate the delay time must be 3.3 ns which
corresponds to approximately 1 m physical path length. For spatial offsets each beam is first
coaligned onto the primary optical axis. Adjusters which control x and y offsets are moved
until a lateral spacing of approximately 500 nm is achieved in the image plane. Alignment
repeatability is verified by projecting fiduciary marks onto the LSM image during alignment
such that each beam’s center is aligned to the same point in space to sub-100 nm
repeatability. Axial spacing is controlled using a telescope assembly placed in the optical path
of one beam pair to adjust their collimation. The alignment of axial spacing is verified using

molecular detection function 3D scans (see Fig. 12) until a spacing of 1 um is achieved (see
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Fig. 9). Following the optical multiplexer the beams pass through a galvo scanning system
(6125H, Cambridge Technology), before being focused through a 60x 1.3 NA silicone oil
objective (UPLSAPO60X, Olympus). FIGS. 9a and 9b show a comparison of molecular
detection functions (MDFs). FIG. 9a shows that in the 1Photon-1Excitation-4Detector design
(a confocal 3D tracking microscope system invented by J. Werner and coworkers) [15] the
calculation indicated that the spatial resolving capability of MDFs fades away at a distance of
0.25 um from the center of the MDFs (located at 0.125 pm), mainly due to the flattening of
collection efficiency function (CEF) at this Z depth and a single excitation volume. As the
spatial resolving capability disappears, target molecule will be lost. FIG. 9b shows that in the
TSUNAMI design, the MDFs are dominated by the spatiotemporally demultiplexed two-
photon excitation volumes, as the PMT has a large active area (i.e. CEF~1). FIGS. 9¢ and 9d
show error signal comparison of 1P-1E-4D (blue curve) and TSUNAMI (red curve). Solid
lines: Error signals derived from the Wolf excitation field expressions. Dashed lines: Error
signals derived from the Gaussian-Lorentzian excitation expression. has the same dependence
on y as on . The z-plane separation of the fiber input faces (projected into sample space) in
1P-1E-4D and z-plane separation of the excitation volumes in TSUNAMI are both set to be at
0.25 pum for comparison. The linear region of error signal is where the target molecule can be
effectively tracked. is steeper than , meaning our tracking systems are more sensitive to XY
displacement than Z displacement. As a result, the XY tracking accuracy is always better than

the tracking accuracy in Z.

For a typical experiment the inventors use an average laser power of approximately 2
mW per beam (8 mW) total at the objective back aperture. For a typical 40 nm diameter
fluorescent bead (F8770, Life Technologies.) photon count rates are in the range of 500-800
kHz and targets can be tracked for durations up to 10 minutes. Background fluorescence
signal is on the order of 3 kHz which includes a 150 Hz background signal from the detector.

Signal-to-noise ratios are typically above 20.
Demultiplexing Emission Signal

Demultiplexing of fluorescence emission can be done by time resolving the excitation
contributions of each of the four multiplexed beams with fast photon counting electronics.
The fluorescence signal detected is an interwoven stream of photons excited by all four
excitation beams. That signal can be time gated with 3.3 ns increments to effectively isolate

the signal contributions from each beam and consequently isolate the signal contribution in
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space as well. Emission demultiplexing is done electronically via time-correlated-single-
photon counting (TCSPC) analysis. Fluorescence signals are detected by a cooled GaAsP
photomultiplier tube with 5 mm square active area (H7422PA-40, Hamamatsu) in non-

descanned configuration.

The current output from the PMT is amplified through a 2 GHz cutoff bandwidth
preamplifier (HFAC-26, Becker and Hickl GmbH) and sent into a photon counting board
(SPC-150, Becker and Hickl GmbH) to be counted and correlated to the 76 MHz reference
clock of the laser oscillator. Given the electronics setup the fundamental timing resolution is
on the order of the instrument response frequency which was measured to be 230 ps FWHM

(see Fig. 6).

FIG. 6 shows fluorescent lifetime measurement during tracking.  Lifetime
measurements can be simultaneously recorded during tracking by using every photon arrival
event as described in FIG. 11. An example photon counting histogram with instrument
response function (IRF) and lifetime fit overlaid. The photon histogram is an aggregate of
500 ms of data (100 loop cycles) recorded while tracking a single 40 nm diameter fluorescent
microsphere (F8770, Life Technologies) in a 50% wt. glycerol solution under free diffusion.
The lifetime decay rate was found to be 3.9 ns. Measuring the IRF with 2P excitation at 835
nm was performed with a previously described method 8. The IRF full width half-max was
found to be 230 ps, and 1% peak intensity after-pulsing was observed, which is an

unavoidable characteristic of the GaAsP photocathode PMTs used for this system.
Tracking Control Software

In certain embodiments, the tracking acquisition control loop is run in LabVIEW
(National Instruments) on the Windows 7 operating system. Time resolved signals from the
TCSPC board can be read into LabVIEW by two methods, (1) histogram mode and (2) FIFO
(time-tag) mode. In histogram mode the TCSPC board performs on board histogramming of
the photons detected during a single control loop period (5 ms) and sends the data to
LabVIEW for processing into new control signals (see Fig. 3). In FIFO mode each photon
event is recorded by the board and processed on the fly in the LabVIEW control loop. For a
loop rate of 5 ms and typical particle count rate of 500 kHz this requires time binning 2,500
photons which are represented with 12-bit precision. This task is easily achievable with

current computing hardware. The data on each photon event can be recorded for post
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processing and re-binning to achieve timing resolutions down to 50 ps with sufficiently bright
particles (see Fig. 11). Deterministic timing for the LabVIEW control loop is achieved by
forcing the program to run on a hardware timed clock from a PCI based data acquisition
board (PCle-6353, National Instruments). Using this hardware timed loop method periods
down to 1 ms can be requested with no missed cycles for up to 60 seconds. At 5 ms the timed

loop can run indefinitely with no missed cycles up to 20 minutes.

Control signals are generated by taking the ratio of the summed photon counts in each

of the 4 times gates.

Following the below formulas,

g G276
TG+ Gy
E G_.} - G3
v -
Gy + G5

(Gy + Gy) —{Gy +Gy)

(G +Gs + Gy + G4

Where G1, G2, G3, and G4 are the total photon counts in each time gate. Error signals
Ex, Ey, and Ez are modified by a proportional controller before being sent out by the PCle-
6353 board as analog signals to their respective actuators (galvos for x and y, and objective

piezo stage (P-726 PIFOC, PI) for z).
2P LSM for 3D Reconstructed Images of the Multicellular Models

To obtain cell membrane and nucleus outlines traditional 2P LSM images were taken
prior to recording a trajectory. Image sampling was performed at a fixed 512x512 resolution
with either 100x100 um?* or 50x50 pm” sizes. Stacks were taken with 0.5 pm spacing in the z
dimension and saved to binary files in a custom written LabVIEW interface. Post processing
was performed in Matlab (Mathworks, Natick MA). The images were median filtered prior to
being segmented by a thresholding method. Segmented contours were plotted in an
isocontour format and overlaid with the trajectory. Since the same analog output board and
actuators are used for imaging and tracking, the two datasets are referenced to the same
voltage scale and so can be overlaid with no computational errors introduced. Although it

should be noted that 2P-3D-SPT provides super-resolution trajectories of a single emitter, but
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traditional 2P LSM is still limited by the diffraction of light approximately 400 nm
resolution. The cell contour data is used as a coarse guide for endocytosis events, but future
work will be directed towards improving the resolution of local environment scans to better

elucidate the particle’s interaction with the surrounding environment.
Sample Preparation

EGFR-overexpressed A431 skin cancer cell was purchased from American Type
Culture Collection (ATCC) and cultured in DMEM (Dulbecco's Modified Eagle Medium,
Cat. No. 11995-065, Life Technologies) supplemented with 5% FBS (fetal bovine serum,
Cat. No. SH30071, Thermo Scientific). The cell cultures were kept in humidified atmosphere
with 5% CO2 in air at 37°C. Single suspensions were prepared by mild enzymatic
dissociation using a trypsin/EDTA solution. For EGFR tracking in monolayer culture, A431
cells were seeded onto 8-well chamber slides (Nunc™ Lab-Tek™ II Chamber Slide™, Cat.
No. 154534, Thermo Scientific) with the cell density of 1x105 cells per well and allowed to

adhere overnight.

Agarose-coated 96-well plates were used to cultivate A431 spheroids. Each well of a
96-well plate (Cat. No.130188, Thermo Scientific) was coated with 50 pL sterilized agarose
solution (1.5% (wt/vol) agarose (Cat. No. A9539-100G, Sigma-Aldrich) in DMEM). The
spheroids were prepared as previously described39 and the plates were incubated for 96
hours in a humidified atmosphere with 5% CO2 at 37°C. Considering the penetration of cell
membrane dye (CellMask™ Deep Red) and the working distance of objective lens, the
inventors chose the spheroids with diameter of 90 to 110 um with a cell-seeding density of

125 cells per well (see Fig. 17).

FIG. 17 shows spheroid formation and initiation protocol for A431 cells. Bright field
imaging of MCTSs formed in liquid overlay from dissociated, exponentially growing A431
skin epidermoid carcinoma cells after a 96-hr initiation interval in agarose-coated 96-well
microliter plates. The seeding density was between 125 and 3000 per well in 200 ul of serum-
conditioned high glucose standard medium. The concentration to routinely and reproducibly

obtain spheroids with a diameter of 90-110 pum is 125 cells per well. Scale bar is 100 pm.

Both monolayer cells and spheroids were kept for additional 24 hours under serum-
starvation condition before EGFR tracking. Plasma membrane was stained with CellMask™

and surface EGFRs were labeled with fluorescent nanoparticles (see FIG. 18). FIG. 18 shows
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the preparation of samples for EGFR tracking. A431 cells were expanded in flasks and the
dissociated into single-cell suspension with trypsin treatment. For EGFR tracking in
monolayer cells, the cells from suspension were directly seeded into chamber slides. The
monolayer cells were stained with CellMask™ Deep Red and their EGFRs were recognized
by antibodies and labeled with fluorescent nanoparticles. For spheroids, the suspended single
cells were seeded into agarose-coated and incubated for 96 hours to form spheroids. After
serum starvation, the spheroids were transferred to chamber slides for membrane staining and

EGFR labeling.

FIG. 21 shows EGF induces internalization of EGFR. As shown in this figure,
monolayer A431 cells were exposed to serum-free media overnight, and then their EGFRs
were recognized with biotin-conjugated anti-EGFR antibodies, and NeutrAvidin® conjugated
red fluospheres (F8770, Life Technologies) bound to biotins to label EGFRs. In the control
group, the inventors did not label EGFR with anti-EGFR antibodies. After labeling, cells
were treated with EGF (20 ng/ml) for indicated time. The white arrows indicate nuclear

translocation of EGFR. The boxed areas are shown in detail in the insets. Scale bar is 25 um.

To label EGFRs with fluorescence, the cells were incubated with 1.5% BSA solution
(1.5% bovine serum albumin, Cat. No. S7806) for 15 minutes at 37°C, and then EGFRs were
labelled with biotinylated anti-EGFR antibodies (200ng/ml in 1.5% BSA solution; Epidermal
Growth Factor Receptor Ab-3, Cat. No. MS-311-B, Thermo Scientific) for 15 minutes at
37°C. The antibody solution was removed and cells were washed twice using PBS. The stock
solution of .40 nm fluorescent nanoparticles (FluoSpheres® NeutrAvidin®-Labeled
Microspheres No. F8770, Life Technologies) was sonicated for 10 minutes and then diluted
to 100 pM in DMEM. This solution was added into samples for 5 minutes at 37°C.

FIG. 19 discloses deep single particle tracking of EGFR in spheroid model, in
particular an example EGFR entry pathway measured with 2P SPT 70pum deep in a spheroid
model. FIG. 19a discloses 3D Iso-contour of a 100 um diameter spheroid taken with 2P LSM
staining for plasma membrane (red) and nuceli (blue). The highlighted slice denotes the z-
plane where the trajectory was measured. FIG. 19b shows close up 3D isocontour plot of a
slice 70 pm deep into the spheroid taken with 2P LSM. (Inset: Close up view of the trajectory
showing is location realtive to the plasma membrane). The trajectory is 10 minutes long,
color coded by time, with blue denoting the beginning. Points marked 1 and 2 are regions

with an onset of high velocity. Point 2 denotes the point where the particle was most likely
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internalized due to large displacement (~1pum) transverse to the membrane. FIG. 19¢ shows
3D Trajectory plot with no cell overlay. FIG. 19d shows a top view of the trajectory FIG. 19e.
shows a side view of the trajectory FIG. 19f shows a velocity plot color coded by time
showing a stepwise increase in instantaneous velocity over the course of 10 minutes. (Insets:
Histograms of regions of the instantancous velocity plot. The particle starts at 0.33 pm/s

mean velocity from time 0-100s, and accelerates to 2.11 pm/s from time 400s-500s.)

FIG. 22 shows intra-cellular transport in a spheroid model. In this figure, an
additional EGF trajectory is taken in a spheroid model. This example trajectory shows slow
diffusive transport in cytosol and interaction with the nucleus. FIG. 22A shows isocontour of
the zoomed in image stack taken 90 um deep in a spheroid with cell membrane (red) and
nucleus (blue) are overlaid with the trajectory (black circle), (inset: zoomed view of the
trajectory). The trajectory begins inside the cell close to the plasma membrane and ends at the
nuclear membrane. FIG. 22b shows an additional close view of the trajectory from top down
perspective. FIG. 22¢ shows a plot of the trajectory. FIG. 20d shows an instantaneous

velocity plot over the 10 minute duration of the trajectory.

FIG. 20 shows free diffusion validation with glycerol titration. The system’s
capability to track particles under free diffusion was tested by observing mobile 100 nm
diameter fluorescent beads in a range of different viscosities. The fluorescent beads were
mixed with glycerol and water to achieve concentrations of 80% (FIG. 20a), 50% (FIG. 20b),
25% (FIG. 20¢) and 0% (FIG. 20d) glycerol by weight. Particles were tracked for a duration
of 10 seconds or until they were lost. Between 100 and 150 trajectories were taken at each
data point. The diffusion coefficients are calculated by mean-squared-displacement analysis
of the resulting trajectories. Histograms of the diffusion coefficient recorded from different
viscosities (FIGS. 20a-d) all represented a normal distribution with central tendency that
agreed well (within 1% at 21°C) with the theoretical Stokes-Einstein relation. FIG. 20e
shows a histogram of trajectory durations, with 25% glycerol mixture, which is found to
follow an exponential distribution with a mean tracking duration of ~2 seconds. FIG. 20F
shows a histogram of trajectory durations with 0% glycerol and 100% water mixture. With
glycerol mixtures above 25% wt. the target locking was stable and more than 99% of the

trajectories were recorded up until the software imposed time limit of 10 seconds.

FIG. 21 shows EGF induces internalization of EGFR. Monolayer A431 cells were

exposed to serum-free media overnight, and then their EGFRs were recognized with biotin-
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conjugated anti-EGFR antibodies, and NeutrAvidin® conjugated red fluospheres (F8770,
Life Technologies) bound to biotins to label EGFRs. In the control group, the inventors didn’t
label EGFR with anti-EGFR antibodies. After labeling, cells were treated with EGF (20
ng/ml) for indicated time. The white arrows indicate nuclear translocation of EGFR. The

boxed areas are shown in detail in the insets. Scale bar is 25 pum.

FIG. 22 illustrates intra-cellular transport in a spheroid model, specifically an
additional EGF trajectory taken in a spheroid model. This example trajectory shows slow
diffusive transport in cytosol and interaction with the nucleus. FIG. 22a shows isocontour of
the zoomed in image stack taken 90 um deep in a spheroid with cell membrane (red) and
nucleus (blue) are overlaid with the trajectory (black circle), (inset: zoomed view of the
trajectory). The trajectory begins inside the cell close to the plasma membrane and ends at the
nuclear membrane. FIG. 22b shows additional close view of the trajectory from top down
perspective. FIG. 22¢ shows a plot of the trajectory. FIG. 22d shows instantancous velocity

plot over the 10 minute duration of the trajectory.

skosk sk sk ok ok ok sk oskosk ok sk ok sk ok

All of the devices, systems and/or methods disclosed and claimed herein can be made
and executed without undue experimentation in light of the present disclosure. While the
devices, systems and methods of this invention have been described in terms of particular
embodiments, it will be apparent to those of skill in the art that variations may be applied to
the devices, systems and/or methods in the steps or in the sequence of steps of the method
described herein without departing from the concept, spirit and scope of the invention. All
such similar substitutes and modifications apparent to those skilled in the art are deemed to

be within the spirit, scope and concept of the invention as defined by the appended claims.
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CLAIMS:

1. A system comprising:
a light source;
a plurality of beam splitters configured to separate an input light beam emitted from the
light source into a plurality of excitation light beams;
a first optical component configured to direct one or more of the excitation light beams in
a first lateral dimension;
a second optical component configured to direct one or more of the excitation light beams
in a second lateral dimension;
a third optical component configured to adjust the collimation of one or more of the
excitation light beams; and
an output beam splitter configured to transmit a first pair of excitation beams and
configured to reflect a second pair of excitation beams, wherein:
the first pair of excitation beams and the second pair of excitation beams
comprise spatiotemporally multiplexed light beams.
2. The system of claim 1 wherein:
the first pair of excitation beams transmitted by the output beam splitter comprises a first
excitation beam and a second excitation beam; and
the first excitation beam is temporally offset between 1 and 20 nanoseconds from the
second excitation beam.
3. The system of claim 2 wherein:
the second pair of excitation beams transmitted by the output beam splitter comprises a
third excitation beam and a fourth excitation beam; and
the third excitation beam is temporally offset between 1 and 20 nanoseconds from the
fourth excitation beam.
4. The system of claim 3 wherein the third excitation beam is temporally offset between 1
and 20 nanoseconds from the second excitation beam.
5. The system of claim 1 wherein:
the first pair of excitation beams transmitted by the output beam splitter comprises a first
excitation beam and a second excitation beam; and
the first excitation beam is temporally offset between 1 and 10 nanoseconds from the

second excitation beam.
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6. The system of claim 5 wherein:

the second pair of excitation beams transmitted by the output beam splitter comprises a
third excitation beam and a fourth excitation beam; and

the third excitation beam is temporally offset between 1 and 10 nanoseconds from the
fourth excitation beam.

7. The system of claim 6 wherein the third excitation beam is temporally offset between 1
and 10 nanoseconds from the second excitation beam.

8. The system of claim 1 wherein the first pair of excitation beams and the second pair of
excitation beams illuminate a polyhedral pattern in an image space.

9. The system of claim 1 further comprising a two-photon microscope and a plurality of
optical detectors, wherein the first pair of excitation beams and the second pair of
excitation beams are directed to the two-photon microscope.

10. The system of claim 9 wherein the plurality of optical detectors are configured as single-
photon counting modules.

11. The system of claim 9 wherein the optical detectors are coupled to a processor
comprising an algorithm configured to process a plurality of signals produced by the
optical detectors.

12. The system of claim 11 wherein the algorithm is configured to demultiplex a fluorescent
decay from a single particle illuminated by the first, second, third, and fourth excitation
beams, and wherein the algorithm is configured to provide an output signal that can be
processed to achieve sub-diffraction localization of the single particle.

13. The system of claim 1 wherein the output beam splitter is a polarizing beam splitter.

14. The system of claim 1 wherein the plurality of beam splitters comprises s-polarized and
p-polarized low group velocity dispersion beam splitters.

15. The system of claim 1 wherein the first optical component and the second optical
component are galvanic mirrors and the third optical component is a lens.

16. The system of claim 1 wherein the light source is a laser configured to emit light at a
wavelength between 800-900 nm and a pulse width of 50-1000 femtoseconds.

17. A method of tracking a single particle, the method comprising:
separating an input light beam emitted from a light source into a plurality of excitation

light beams that are spatially and temporally offset;
illuminating a single particle with the plurality of light beams that are spatially and
temporally offset;

detecting fluorescence emitted from the single particle; and
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18.

19.

20.

21.

22.

23.

processing photon histogram data resulting from the illumination of the single particle by
the plurality of excitation light beams that are spatially and temporally offset to
determine a location of the single particle at specific time.

The method of claim 17 wherein processing photon histogram data comprises:

counting and correlating signal photons to a reference clock;

extracting count values from a photon histogram;

selecting a plurality of windows from the photon histogram;

obtaining a time gate value from an average value for each window of the photon
histogram;

applying a fluorescence correction factor to the time gate value to generate a corrected
time gate value for each window of the photon histogram;

subtracting dark count values from the corrected time gate value for each window of the
photon histogram;

calculating error signals from normalized time window differences;

applying proportional control gain values to the error signals; and

performing geometric transform to switch from point-spread function error vectors to
galvanic space error vectors.

The method of claim 17 wherein the input light beam emitted from the light source is

separated into the plurality of excitation light beams via passive beam splitters.

The method of claim 17 wherein:

the plurality of excitation light beams that are spatially and temporally offset comprises a
first light beam and a second light beam; and

the first light beam is temporally offset between 1 and 20 nanoseconds from the second
light beam.

The method of claim 20 wherein:

the plurality of excitation light beams that are spatially and temporally offset comprises a
third light beam and a fourth light beam; and

the third light beam is temporally offset between 1 and 20 nanoseconds from the fourth
light beam.

The method of claim 21 wherein the third excitation beam is temporally offset between 1

and 20 nanoseconds from the second excitation beam.

The method of claim 17 wherein:

the plurality of excitation light beams that are spatially and temporally offset comprises a

first light beam and a second light beam; and
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24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

the first light beam is temporally offset between 1 and 10 nanoseconds from the second

light beam.

The method of claim 23 wherein:
the plurality of excitation light beams that are spatially and temporally offset comprises a

third light beam and a fourth light beam; and

the third light beam is temporally offset between 1 and 10 nanoseconds from the fourth

light beam.

The system of claim 23 wherein the third beam is temporally offset between 1 and 10
nanoseconds from the second beam.

The method of claim 17 wherein the plurality of excitation light beams that are spatially
and temporally offset illuminate a tetrahedral pattern in an image space.

The method of claim 17 wherein the fluorescence emitted from the single particle is
excited by a pulsed laser.

The method of claim 17 wherein the fluorescence emitted from the single particle is
detected by a two-photon microscope.

The method of claim 28 wherein the two-photon microscope is coupled to a plurality of
optical detectors.

The method of claim 29 wherein the plurality of optical detectors are configured as
photomultipler tubes.

The method of claim 29 wherein the optical detectors are coupled to a processor
comprising an algorithm configured to process photon histogram data resulting from the
illumination of the single particle by the plurality of excitation light beams that are
spatially and temporally offset to determine a location of the single particle at specific
time.

The method of claim 17 wherein processing photon histogram data comprises:
generating an output signal by demultiplexing a fluorescent decay from the single particle

illuminated by the plurality of light beams that are spatially and temporally offset; and
processing the output signal to achieve sub-diffraction localization of the single particle.

The method of claim 17 wherein the plurality of excitation light beams that are spatially
and temporally offset are directed to a plurality of passive beam splitters.

The method of claim 32 wherein the plurality of passive beam splitters comprises s-

polarized and p-polarized low group velocity dispersion beam splitters.
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35. The method of claim 17 wherein the plurality of excitation light beams that are spatially
and temporally offset are directed to a plurality of galvanic mirrors.

36. The method of claim 17 wherein the plurality of excitation light beams that are spatially
and temporally offset are directed to a collimation lens.

37. The method of claim 17 wherein the input light beam is generated by a laser configured
to emit light at a wavelength between 800-900 nm and a pulse width of 100-200

femtoseconds.

37



PCT/US2015/014559

WO 2016/126250

9t

o6l

6t

Aeiap wiy

ol

L1

gct

nduy

TR

188 0Ll

mwwmm Mmm

A

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/014559

WO 2016/126250

2/42

¢ 8id
AN
e ENV\ N 687
SN
SN N __
ooz 542 “igz sz
pa @M gguwy)
iy efafj 28
N 0oz
£92 B @M 99wy o
ejeg ped
(suge:wp)
Aejag vg

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/014559

WO 2016/126250

3/42

iiiiiiiiii _ N\w «\M\m mx\w
311 0] 8PS

mwiwxﬂtmmﬁ%a@ |
(‘o +%0) -y +"9) — |
(g +'9) A |
fg-fg)~ [ [04U0) m
IV jeuoiiodold i
(9+79) _ |
(9-9) m
m Z g &t X m
| AR AL
g/m‘ 2 007 sabeljoA 0Ny
99799 m ZH 00¢
9dSIL duesid | | LN |, abe]S
ZHY O~ ZHY ¢ | | POI00D 8000S0IIN (7001 w06
(Wug09-006) 17 uoissiug ~e—e-
(WILGES) WOIT UORBYINT e sidiues
jeubis bopeuy

1ubis reubiq

J3xsidnm
ieag

ZHN 94

(06 By

duing
MOL 1043/

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/014559

WO 2016/126250

4/42

TUaLHIRONS 0] 000 JO0RI8D LI0K) DADOIAL JUN0D 48D 8ul §1 ] BB v 9H
0&p2 0 = 1 05 ‘wieibojsyy uojouyd fejo o VAR RS
BIR0 BT 8L 10 LIDIM B4 10 Juapuadap Bungbiam Ag palpiqo

P00 Safen LB 8iRPOLY SO LU0y el 1 m ﬁg gybug Pa‘a“0
UDNRURITY J3SB O i punoiByoeq \ S)n0n siRg
Jers g\%wg Aq Jusuiiacs 0) Joud pauege % 05 A
P00 78 15 Sa1eD 8L PRISALI00 LI SHTBA JUN0d 3IBD J0BNS m
(8380 50001) =4 SpoJoURI Tty 10 (169)- 59 = 49
(08D Sup) §=4 vaiosaiony 1o} ¥ (1]79) -89 = £9 [4]
Loy a/0ydoionyj uo Spusdap (4] Jojoed (4/18) -9 = 79 J0j0b4 UDHOBLIOY) B0UBISSINGH
%% STOMAI O UDANGIAED a0uadsaiony Bumouial Ag (190 -10 =0
Buipunojiion a1eh sl 0} 1084100 SUS~ < SaLaJY 80UAASAINY Wik - _

e em e

_,sg Eg PP
{wiou Aenueiy Pejagjas aie SHOPLI

Mopuin Jan afesane woy "o o ¢ m 0 sanie
HiRIg0 iebOISy Uonoyd Ll SareA 10D 1R
%
o0
§00[0 80U3J8J3Y i . 1 By 75 ¢ UBIS
aify 07 suooud eubis 051-Jds/ S Gly

&
e

]
52
<3

0aF A aIRIBLI0" piie Jinog JdSol T,

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/014559

WO 2016/126250

8/42

(4

755
514 0} S

Bl Aloialey

) aowd abewyonen
(%) s0pds-4S4

SUOHIS

ll= sli y 48
AKX

Gd abeiS Moy
4

$30840 A1BUIDI00Y

bl «Nmn N_w ‘ \\\M«m w wl 1= «m
¢
M%w+%w+mw+mgx%m+a@*w®+kg““m
[P+ E0/p-88) = ]
(Z9+i9fz9-40) =7

(33 sioi0h Jousa aoedls onel o)

('3} 5101081 418 80RUS-4S LUOK YOYMS

0] UI0jSuRl diaui0al uosie

it

vy 2y camen e Ay
JOL07) [BU0HI0N0L

{111 wioiy 8Bies sanen
"SIOUBIBIHD MODUIM BT paTNELL
E@u&%mmaﬁgﬁ

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/014559

WO 2016/126250

6/42

m, %\E

%a

| mﬁm

[ %\E

]

WS

ZHIN 108
L 0gg

H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

SE06G1

ZHW 9/
il 0gg

\\\ .
\\\\\\\\\ N

H
I
g
z

4
i
7

\
m\“
7

Y
"

m\“
G

£54
ag

N

R
¥y

74 U
i i WM §
“Y 1
Y o it 57 G,
i e
G e
%
2.
(
7
:
Rt
%
7

N
ABja(] sug

7
Aefaq mmm\\

PUElS
80025042HH
payaauf

Jaxajdingy weag

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/014559

WO 2016/126250

7142

4% "9id

q¢ 94
{su) aui]

35 9

SUge+

U O+

-
<3

|
©
&

! }
h
=

e}

E ¥
o
o

Ayususpuy

(g4

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

8/42

Y
e
Ny,
=
T
§ A
- 0
—
&
g ©
OB
frooe,
&y
oy
L
o3 — <t
t
p
LI ] ¥ |Hll!-! 1 !i!!ll-l 1 E!!!llil
L) <o D -
< L) T
L} T
N Y )
{(‘gie) SN0y

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

Measured D { gmg,/g}

9/42
L — -
g 70 e e
:%; 60 Al
% 50“ f’
?:% 4@":
S 30-
s ]
3 20
e
4] b 4 6 8 10
Velocily (um/s)
FiG. 78
Mean= 4.30
] Mean=2.16 °D=1.76
: SD=0.55 Bt
i Mean=0.76 8 .
SD=020 SRy 8 L
7 -~ 1:7 Guigle Ling
01 CE 80% wi.
M T 150% wt
. L 25% wt.
_ LT100% H20
0.01 e —
075 74 216 4,29
Expected D (um’/s)

FiG. 7C

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

10/42

Count Rale (kHz)

fime {8}
FiG. 7F

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250

11/42
1% Intralipid | Gelatin Matrix
40 nm
ﬁuares&em‘ beads

200 um

FiG. 84

PCT/US2015/014559

Depth  Power per beam X localization Y localization Z localization

(wn) {m¥} {nm) (nmj

18 1.1 16.3 142

100 5.0 17.5 14.5

200 8.7 21.0 14.1
Fit:. 88

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

12/42

o, =21.0nm |

é% 50-—-_—
s 0
S -50- |
-100 ‘ | ’ E ‘ | ’ i F
0 5 10 15 20
Time {(seconds)
FiG. 8C
1007 o, = 14.1mm -

(o
T

Y error (nm)
T

.50
-100 D
g 5 10 15 20
Time (seconds)
FiG. 80

N

o5, = 889.6 nm

Z error (mm)

Time (seconds)

FiG. 8

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

13/42

1P-1E-4D Design

Oum \\\\\\\\\\%\\\\\\\\\\\\\\\\\\\\x\\\k\\\

! ;%m&\\\\\\\\\\\\\\\\%&\\\ \\\\\\\\\
seoum &\\\\\\%\\\\\\\\\ \\\\\\\\\\\§\§§\\\

Molecular Detection Function (MDF)= Excitation
Volume X Coflection Efficiency Function (CEF)

FiG. 94

TSUNAMI

R SRR

ey 025um

| \\\\\\\\\\\\\\\\\\\ 0.125um

r. _

Molecular Detection Funciion (MDF) = Excitation
Volume X Coflection Efficiency Function (CEF)

FiG. 98

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

14/42
X Error Signal
e 2 ANOUF
—-—— 1P Gau
0.5-4- : 2P Wolf 1
e 2 Al
w0
-0.5
-1
-1 -0.5
Fits. 8¢
£ Error Signal
0.5 i
e F AN OIf
~—— 1P Gau
0. 25 B E 2P Wﬁif
e 2P Gau
w 0
\\\\\\
0.25- 2R
. v
-0.5
0.2 01 { 0.1 0.2
£ {um)
FiG. 8D

SUBSTITUTE SHEET (RULE 26)



Count Rate (kHz)

[
<O

WO 2016/126250

15/42

FiG. 104

PCT/US2015/014559

X {umj

FiG. 168

Time (8}
FiG. 10C

SUBSTITUTE SHEET (RULE 26)




PCT/US2015/014559

WO 2016/126250

{spunsas) awij

§ y & g ¢ o

| “ | _ | _ | _ m “ 00t- 301 "BH4

|
<
s

cors rgy crresi varsn wrestey wriR) A\m\ s

l
Lo
(i} 10083 4

pow)
LWy

061

{spuosas) sunj
g r £ g { g
| _ | “ | “ | _ | _ 00t~ (0L °8H

®
)
2

*

Dors wrirs wrir

2.

o, eris

Lo
(i) 20403 ¥

- 00}

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/014559

WO 2016/126250

461 "8id

(Spuioaas) auiij

G y £ Z ! 0

wwx

e & %
> EWM A erren werrs ﬂ\\&. s o

001~

G-

(e} Jodiz 7

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

18/42
bi be b3 b4
+0ns +3.318 +6.6118 +8.9ns
40 —
= B
3
& 20 —
Q -
l i ; t i i i { i E i
0 2 4 & 8 10 12
Time (ns)
Fiz. 114

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/014559

WO 2016/126250

19/42

gii 9id

ol

(su) swi]

000¢
(811} Buwij-gng
1S

U¢ unog

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

20/42

LB

FiG. T1E

R

“

FiG. 11D

&
s

FIG. 11C

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

FiG. 124
FiG. 12C |

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

22142

1.0 —

&
(S5}
l

MNormalized X Error
[
<D

S
&
|

{ 250 500 750 1600 1250 1500
X Position (nmy)

FiG. 12D

Normalized ¥ Error

= 7,{:} E I
{ 250 500 750 1600 1250 1500
Y Position (nm)

Fit. 12E

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/014559

WO 2016/126250

23/42

(006

G0y

4¢i 9

(1) UOINSOd 7

Goog mmwm

0001

¢

("9 +

o

9+ +'9)

(

{

5+

n)

(tg + ')

10413 7 PaZeUIoy

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

24/42

FiG. 134

Exterior

FiG. 138

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

Inst, Velocity (um/s)

i

25/42

50 o 150 200 280 300 350 400 450
Time (s)

FiG. 13C

05 ) |
Y
g
-1.5+
-
25 N
0.5 0.2
if{f@m} -0.5 -0.2 X{Ai,,im}
FiG. 130

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

FiG. 144

Interior

Exterior

FiG. 148

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

27142

FiG. 14C

{} . :fi
g
" -5 -
/0.4
0.5
0.4 X {um)
y (um) |
FiG. 14D

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

28/42

300

200 250
FiG. 14E

150

100

50

f ] ]
<+ oo O

(s/url} Aoogap 1suf

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

FiG. 154

FiG. 158

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

30/42

interior

Exterior

FiG. 15C

o
e

inst. Velocily (um/s)

=
Mo

0 200 400 600
Time (s}
FiG. 15D

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250

31/42

o
.\\.\\ AR
R e

\

L \

R
Y

SUBSTITUTE SHEET (RULE 26)

PCT/US2015/014559

FiG. 16



PCT/US2015/014559

WO 2016/126250

32/42

0001

L1 "8

0oog 000¢ 0061

006G 0s¢ Gel

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/014559

WO 2016/126250

33/42

8L "9l

SUIOSOPUT & 457 -

SPES JUBIS8ION] W Dpd Apognue
P3ISGEI-UIDIARINSAS 7 P3jeqe-ulolg ¢

494 +

S{8d LEPY

areid papeon-asosele w
SpIoIBLIG LONBULIOS DIossyde

=

\x\

Ea

e
&

1

S

%y,

VRO P

S A Y
T i )

T et

A e
% i
G i

Vgt
s
e

\ Sjje0 Jafejouoyy  yser4 u uoisuedxs g

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

34/42

FiG. 138

SUBSTITUTE SHEET (RULE 26)



35/42

2 - o
X (wm) Exterior ,\‘

FiG. 158C

FiG. 18E

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/014559
36/42

WO 2016/126250

461 "Gi4

(s} suy
00%g 00y o0t 00 001 m 0
&
5
&
-G &2
=
o
3
=
z 11 01
oUs  JoUBINT
(s/url} Apisojap (s/um) Apraogag (s/um) Appaojap
9 4 A g £ ¢ i ] Iy g0 g0
SR — ot erbs - (} m e I,
- 008 #
- @
- 009 2
. m\_w 5
~ (06 . Za : . 1A
sum egp="1 +000¢ s/um pog="" 000

Sjumt ppz=""

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

37/42
) Y, Mean=0.0762 um’/s
N |\ SD=0.0221
s \
S 10 '
Gud
0.02 0.04 0.06 0.08 0710 0.12 0.14 0.16
diffusion coefficient (Lum’/s)
FiIG. 204
50+
o |
: Mean=0.76 wii'/s
= 30 SD=0.20
e !
% E
&2 204
10+
G v“/i. R N T N T s R 7‘4 i : ‘. !
0.2 04 06 08 10 12 14 16
diffusion coefficient (um'’/s)
40~ FiG. 208
" N
30 S\ 2
N Mean=216 wi'/s
< E\w SD=0.55
e 20 N0 AR X
@ j f§ \\\
- N J\J N «_\\x\
k2 \ NS NN :iﬁ@

10 15 20 25 30 35
diffusion coefficient {um’/s)
FiG, 200

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250

30-

20-

Count

10

38/42

Mean=4.30 wn’/s
S0=1.16

45+
40-
35“_ k

B 254
52
L

15K

e

diffusion coefficient (um’/s)

4

5

FiG. 200

45
4Gi \
354
3@: \
§25_ \\

h=(,

PCT/US2015/014559

512[1/s]

?5i\ N

5%\ NN NN

4 1

2

S
5

3 4

time (seconds)

A=1.067{1/s]

i N e o Y
! 1 ! 1

1 2

‘ 3 4
time (seconds)

FiG. 20F

SUBSTITUTE SHEET (RULE 26)

FiG. 20F



WO 2016/126250 PCT/US2015/014559

FiG. 21

+ HIO-HUY

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

FiG. 21
(Cont'd)

- H493-10Y

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

41/42

FiG. 224

| Exterior

........

FiG. 228

SUBSTITUTE SHEET (RULE 26)



WO 2016/126250 PCT/US2015/014559

42/42

xum) 11 y (um)

FiG. 220

=
T
j

o
&

&
.

inst. Velocity (um/s)

300
Time (s)

FiG. 220

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT International apptication No.

PCT/US15/14559

A. CLASSIFICATION OF SUBJECT MATTER

IPC(8) - BO1J 19/12; GO1N 21/64, 21/85 (2015.01)

CPC - GO1N 21/6458; G02B 21/0076; BO1J 19/121

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC(8) Classification(s): B01J 19/08, 19/12; GO1N 21/64, 21/85 (2015.01)
CPC Classification(s): GO1N 21/6458; GO2B 21/0076; BO1J 19/121

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
USPC Classification(s) (if searched): 422/82.05, 82.07, 82.08; 359/368 ' ’

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
PatSeer (US, EP, WO, JP, DE, GB, CN, FR, KR, ES, AU, IN, CA, INPADOC Data); Google; Google Scholar; IEEE; search terms used:

dunn yeh perillo; time gate fluorescence correction error galvanic space multiplexed multiple photon spatiotemporal beam splitter
collimated single particle tracking

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X FIELD, F. et al. ‘Differential Multiphoton Laser Scanning Microscopy'. IEEE Journal Of Selected [1-11, 13, 15, 16-17,
- Topics in Quantum Electronics, Vol. 18, No.1, pp 14-28, January 2012 <retrieved on 19-25, 27-31, 33, 35-37
Y 04/08/2015> Retrieved from online: <URL: hitp://ieeexplore.ieee.org/xpls/abs_all.jsp? —
amumber=5613140>, <DOI: 10.1109/JSTQE.2010.2077622>. 12, 14, 26, 32, 34
LIU, C. et al. ‘3D Single-molecule tracking using one- and two-photon excitation microscopy’ 12, 26, 32, 34
Proc. SPIE 8950, Single Molecule Spectroscopy and Superresolution imaging VI, 89501C, 4
March 2014, [retrieved 04/08/2015] [retrieved from online] <URL:
http://spie.org/Publications/Proceedings/Paper/10.1117/12.2039565 > <doi:
10.1117/12.2039565>. :
Y US 2011/0267663 A1 (MURAYAMA, Y.) November 3, 2011; figure 13; paragraphs [0168-0170, (14, 34
0186-0190).
A US 7,365,344 B2 (AOKI, M.) April 29, 2008; figures 1 and 3; column 4, lines 17-32; column 5, 18
lines 12-column 7, line 19.
A US 7,714,301 B2 (JACKSON, J. et al.) May 11, 2010; column 13, line 65- column 14, line 43. 18

I:I Further documents are listed in the continuation of Box C. l:] See patent family annex.

* - Special categories of cited documents:

«v

later document published after the international filing date or priority

the priority date claimed

“A”  document defining the general state of the art which is not considered date and not in conflict with the apEliqation but cited to understand
to be of particular relevance the principle or theory underlying the invention

“E” earlier application or patent but published on or after the international “X” document of particular relevance; the claimed invention cannot be
filing date . considered novel or cannot be considered to invelve an inventive

“L” document which may throw doubts on priority claim(s) or which is step when the document is taken alone
g":gl-;lo r::;gglg; ;hgc;l)g:g)c ation date of another citation or other  wy» document of particular relevance; the claimed invention cannot be

P . P . o considered to involve an inventive step when the document is

“Q” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art :

“P” document published prior to the international filing date but later than  «g»  4ocument member of the same patent family

Date of the actual completion of the international search

10 April 2015 (10.04.2015)

Date of mailing of the international search report

14 MAY 2015

Name and mailing address of the ISA/

Mail Stop PCT, Attn: iISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774 C

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - wo-search-report

