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Feedback-based single-particle tracking (SPT) is a powerful technique for
investigating particle behavior with very high spatiotemporal resolution.

The ability to follow different species and their interactions independently
adds a new dimension to the information available from SPT. However, only
a few approaches have been expanded to multiple colors and no method is
currently available that can follow two differently labeled biomolecules in 4
dimensions independently. In this proof-of-concept paper, the new modali-
ties available when performing 3D orbital tracking with a second detec-

tion channel are demonstrated. First, dual-color tracking experiments are
described studying independently diffusing particles of different types. For
interacting particles where their motion is correlated, a second modality is
implemented where a particle is tracked in one channel and the position of
the second fluorescence species is monitored in the other channel. As a third
modality, 3D orbital tracking is performed in one channel while monitoring its
spectral signature in a second channel. This last modality is used to success-
fully readout accurate Férster Resonance Energy Transfer (FRET) values over

time while tracking a mobile particle.

1. Introduction

Since the first publication of a single-particle tracking (SPT)
instrument for tracking biological samples in 1971 by Berg,!!
the field of SPT approaches has tremendously grown. Today,
SPT is typically split into two approaches: camera-based
measurements where movies are collected and trajecto-
ries extracted afterward, and real-time techniques using
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active feedback loops. In post-processing
approaches, the lateral information of
the particle is directly encoded in the
pixels covering the field of view (FOV).
The axial position of the emitter can be
obtained by recording images of sev-
eral planes (z-stacking),”! imaging the
diffraction pattern of out-of-focus par-
ticles,’l or by engineering the point
spread function (PSF).*° In the case
of 3D active feedback tracking, popular
approaches include tetrahedral detec-
tion,l®) TSUNAMIL! 3D-SMART,® and
(PIE-)MinFLUX.% Real-time tracking
approaches are low throughput but have
the advantage of typically higher tem-
poral resolution and the ability to follow
a single particle over longer periods
of time. As the microscope system
is directly focused on the particle of
interest, more advanced spectroscopic
information can also be collected on
the particle during tracking."! This ena-
bles more elaborate analyses of the tracked particle and its
measured motion.'2]

In this paper, we focus on orbital tracking, which was pro-
posed theoretically for two dimensions by Jérg Enderlein in
2000031 and realized experimentally in three dimensions by
Enrico Gratton.¥ In orbital tracking, the excitation laser is
rotated in a circular pattern or “orbit” around the tracked object.
This real-time SPT approach combines high spatial resolution
(xy: =3 nm; z: =20 nm) with fast response times (=5 ms) over
large distances (>100 pm) and time ranges (up to 10 min). In
combination with photoactivation, this method provides unique
insights into biological systems, e.g., by tracking cargo trans-
port in vivo or mitochondrial trafficking in zebrafish larvae,121°]
measuring the metabolism in lysosomes by detecting solvent-
dependent intensity fluctuations('®l or monitoring heterogenei-
ties on surfaces.”] Furthermore, slow conformational changes
can be probed in solution, which are not accessible by conven-
tional fluorescence correlation spectroscopy while tracking.!'®]

Single-particle tracking provides super-resolution informa-
tion in living dynamic systems. However, often not only subdif-
fractional resolution is required, but a methodology that addi-
tionally allows for investigating the interaction of two particles
with high temporal and spatial resolution. This requires the
existence of a second channel for SPT and the capability of syn-
chronized tracking. While dual-color SPT is relatively straight-
forward for camera-based approaches,*-?!l feedback-based,
dual-color SPT methods have only been developed to track par-
ticles in close vicinity (<500 nm) or read out the spectral proper-
ties during tracking. Using two-photon excitation, Gratton and
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co-workers demonstrated spectra collection while performing
orbital tracking!!! and have shown that distances between two
closely spaced particles can be measured with nm accuracy.l??!
Liu et al. tracked conformational changes of tandem partners
using two-photon excitation with the TSUNAMI approach.[?3]
Werner and co-workers extended their tetrahedral tracking
technique by a second detection volume allowing for the meas-
urement of apparent FRET during tracking.? In the later dual-
color approach, the active tracking is carried out in the donor
channel while probing the acceptor signal in parallel. However,
none of these approaches have demonstrated the tracking of
two particles independently nor of probing accurate FRET.

In this paper, we developed a 3D orbital-tracking system!
for multi-color tracking: It allows for dual-channel tracking
of independently as well as correlatively moving particles and
provides multi-color detection to enable single-molecule spec-
troscopy of diffusing particles. First, individual beads emit-
ting at different spectral ranges were tracked independently.
A diffusion analysis of the individual 3D trajectories allows
for characterization of the motion of particles and moni-
toring of particle interactions while diffusing in the medium.
Here, the position and distance between the particles can
be monitored in real time with nanometer resolution. In
the next step, we demonstrate its capabilities by dual-color
tracking of double-labeled beads in solution mimicking co-
diffusive motion. Using two detectors per tracking channel in
the presented 3D orbital tracking approach, we employ one
detector pair for SPT while using the other detector pair to
localize the second fluorescence signal. Alternatively, in a third
approach, we use the second detection channel to perform
single-molecule spectroscopy. In particular, we performed accu-
rate, single-pair FRET (spFRET) measurements on diffusing
particles. This allows us to monitor the position as well as the
time trajectories of FRET efficiency of the freely moving parti-
cles simultaneously.

(12]

2. Experimental Section

2.1. Materials and Preparation Procedures

Chemicals were purchased from Sigma-Aldrich and used
without further purification, if not stated otherwise, including
bovine serum albumin (BSA), catalase (Asp. niger), ethylene-
diamine-tetraacetic acid (EDTA), glucose, glucose oxidase (Asp.
niger Type VII), glycerol, phosphate-buffered saline (PBS), Tris
base, Tris HCI, Trolox, and sodium chloride.

For image calibration experiments, multifluorescent beads
purchased from Spherotec Inc (FP-0557-2) were used. For
dual-color tracking experiments of independently moving
beads, we used two suspensions of coated, fluorescently labeled
polystyrene particles 0.1% (w/v) purchased from Kisker Biotech:
1) Streptavidin-coated particles (named “yellow”/PC-SAFY-0.5;
Kisker) emitting between 460-540 nm and having an average
diameter of 450 nm and 2) Avidin-coated particles (named
“purple’/PC-AFU-0.5; Kisker) emitting between 580-650 nm
with a diameter of 560 nm. For dual-color tracking meas-
urements on co-diffusing labeled objects, the avidin-coated,
‘purple” particles (PC-AFU-0.5; Kisker) were employed, and
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5" -GACCTATGCTAATTATTAACCCCTTAXATTCCTCGACGAC-3"-BIO

DNA 3: 3'-CTGGATACGATTAATAAYTGGGGAATATAAGGAGCTGCTG-5'
DNA 2: 3'-CTGGATACGATYAATAATTGGGGAATATAAGGAGCTGCTG-5'
DNA 1: 3'-CTGGAYACGATTAATAATTGGGGAATATAAGGAGCTGCTG-5'

X =T - Atto647N Y = T - Atto565

Scheme 1. DNA sequences used in Tracking/spFRET experiments. The
top strand (T) contained the donor fluorophore (Atto565), while one of
three different bottom strands (B) containing the acceptor fluorophore
(Atto647N) was annealed to the top strand.

they were labeled with a biotinylated Atto488-dye (AD 488;
Atto-Tec GmbH). Dual-color surface localization experiments of
the same bead samples were used for verification of the preci-
sion of the image calibration procedure (Figure 3B).

Tracking experiments with spFRET readout of dsDNA oligos
were carried out on labeled streptavidin-coated silica beads
(480 nm, CS01000-2; Polysciences Europe GmbH) with bioti-
nylated dsDNA oligos and Atto488. Labeling as well as mixing
of particles was carried out in PBS.

Single-stranded DNA 40-mers containing the desired modi-
fications were obtained commercially (Scheme 1). Bottom
strands were labeled at the B6, B12, and B18 positions with the
donor fluorophore Atto565 and purchased from Metabion. The
top strand was purchased from IBA, biotinylated at the 3"-end
and contained the acceptor dye Atto647N at position T27 The
complementary DNA strands were annealed in 500 mm NaCl,
20 mm TRIS, and 1 mm EDTA at pH 8. After heating the mix-
ture to 95 °C, the temperature was held for 3 min and cooled
down to 4 °C at a rate of 1 °C min™%,

If not mentioned otherwise, all samples were measured in
8-well chamber slides (Nunc LabTek I, Thermofisher) that had
been passivated with 1 mg mL™ BSA in PBS for 10 min before
the measurement. MFD-PIE experiments!*’! were carried out
on freely diffusing dsDNA molecules at 25-50 pm in PBS at
room temperature (20 °C).

2.2. Cell Culture

An HuH7 cell line stably expressing Rab5-GFP had been
validated and tested negative for mycoplasma contamina-
tion. HuH7 Rab5-GFP were cultured in high-glucose DMEM
(Gibco) with 10% foetal bovine serum, 100 U mL™ Penicillin,
100 pg mL™! streptomycin, and 400 ug mL™ geneticin (G418,
Gibco) with 5% CO, at 37 °C. Cells were plated at 80,000 cells
per well in a LabTek II chambered coverglass (Nunc, Ther-
mofisher). Twenty-Four hours after seeding, the medium was
exchanged with a DMEM red phenol free medium, and the pre-
viously described “purple” beads were added half an hour prior
to the observation.

2.3. Orbital Tracking Setup
2.3.1. Instrument
The general microscope design was based on a previously

developed confocal setup for one-color 3D Orbital-Tracking,!'?!
which was extended for multi-channel, dual-color tracking.
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Three lasers were used as excitation sources (Sapphire 488-20
CDRH; Coherent/Jive CDRH CW 561; Cobolt/05-LHP-151;
Melles Griot) at 488, 561, and 633 nm, respectively. The lasers
were guided through an acousto-optical tunable filter (TF525-
250-6-3-GH19A, Gooch & Housego) to control the excitation
cycles of the three light sources. Afterwards, they were coupled
into a single-mode fiber (QPMJ-A3A,3A-405/650-3/125-3-5-1;
Oz Optics) to clean up the beam profile and decouple the exci-
tation path from the microscope. The excitation and detection
path of the microscope were combined by a quad-band poly-
chroic mirror (zt405/488/561/640rpc; AHF), which transmits
the fluorescence emission and reflects the laser beams onto
a two-axis galvanometric mirror system (GVSM002/M; Thor-
labs). A telescope system (80 and 250 mm achromatic lenses,
Thorlabs) was used to image the output of the galvanometric
mirrors unto the back aperture of the objective and the laser
beam was focused by the objective onto the sample (PlanApo
VC 60x/1.20WI; Nikon). The fluorescent signal was collected
by the same objective. After passing the quad-band polychroic
mirror, a long pass dichroic mirror (H560 LPXR, AHF) reflects
the emission triggered by the 488 nm excitation laser. The
fluorescence emission was filtered by an emission bandpass
filter (525/50 Brightline HC; AHF) and then directed onto the
two detection paths by a 50:50 beam splitter (#F21-020; AHF).
Afterwards, it was focused by a lens (AC254-050-AB; Thorlabs)
onto two 50 um multimode fibers (M42L01, Thorlabs), which
act as confocal pinholes, which guide the light to the sepa-
rate avalanche photodiode detectors (APD, CountBlue; Laser
Components).

The second detection channel was constructed identically. It
shared the same geometry as channel one but employed two
different focusing lenses (AC254-075-AB; Thorlabs) and APDs
(SPCM-CD 3017; Perkin Elmer). For the dual-color tracking
modality, the fluorescent signal was split onto two detectors by
a 50:50 beam splitter (#F21-020; AHF) and spectrally filtered
by an emission filter (685/70; Thorlabs). For parallel spectro-
scopic readout (in this case FRET), the 50:50 beam splitter was
exchanged by a dichroic mirror (zt640rdc; Chroma) separating

Deterministic Unit

www.small-journal.com

the donor from the acceptor signal. Each beam was cleaned up
by an additional emission filter (593/40 and 685/70; Thorlabs,
respectively).

2.3.2. Tracking Software

The experimental setup was controlled using a Field Program-
mable Gate Array (FPGA) controlled via LabVIEW2018. The
software was executed on two different levels, consisting of a
non-deterministic and a deterministic execution (Figure 1), to
achieve exact hardware triggering during the orbital tracking
experiment, as described previously.'?! In brief, the self-written
program was executed on two systems: the host computer and
a deterministic processing unit (cRIO 9082; National Instru-
ments), combining a real-time processor and a FPGA. The
real-time unit synchronizes all hardware components, executes
the tracking algorithm, and streams the data to the host com-
puter. It synchronizes, in particular, the execution of the hard-
ware via TTL pulses, receives the incoming TTL signals from
the detectors, and generates the voltages for repositioning the
galvanometric mirrors to generate the rotating orbit of the
exciting lasers. Each orbit was divided into 16 segments. The
FPGA bins the photon detected for each orbit segment, stores it
in a direct memory access first-in-first-out (DMA-FIFO) buffer,
and streams it to the real-time processor for calculating the par-
ticle position within the orbit (see Section 2.3.3, Tracking algo-
rithm). This was done for both detectors within the detector
channel, i.e., the real-time processor receives 32 bins in total.
After determining the lateral position of the particle from the
summed data of both detectors, the value was transferred back
to the FPGA for the next rotation period provided the binned
signal exceeds a user-defined threshold (typically 5 kHz). When
the signal falls below the given threshold, the particle was
considered to be outside of the orbit and a search algorithm
is started. In parallel, the data were streamed to the host com-
puter (non-deterministic unit) via a gigabit Ethernet connection
and written to a solid-state disc as a text (.txt) file. The text file

Non-deterministic Unit

A e e R S R D p Computer

: :

: FPGA RT-Target : Host

: I

| .

! FIFO Network-Stream

: Tracking loop | > Posi_tion_ 1

: Variable Determination : Data Logging
: P Network-Streams | ~~ and

: FIFO Recieving Raw photon Visualization
| Raw Photon > FRET/ALEX , -~

E Loop (40 MHz) Photons Visualization

1 I

I .

1 1
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Figure 1. Flow chart of data acquisition for the Tracking/spFRET modality.
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contains the 3D position information and intensities for each
channel.”%l In addition to receiving the data, the host computer
generally controls the real-time unit, ie., it defines experi-
mental settings, starts and stops the tracking algorithm, and
visualizes the received tracking data during the experiment.
The above-described procedure summarizes the overall
software architecture for one tracking channel. For dual-color
experiments, both tracking channels were read-out indepen-
dently. One .txt file was generated per each tracking channel,
in which the data per detector-pair were written. Here, the real-
time unit alternates the data acquisition and streaming to the
real-time processor for each tracking channel resulting in a
decrease of time resolution by a factor of 2-10 ms for the exper-
iments here. The software discriminates between the three
tracking modalities described in this publication as follows:

1) For independent dual-color, real-time tracking experiments, the
unit treats each tracking channel independently. The real-time
processor calculates the position of each particle and transfers
the information to the FPGA, ie., the instrument switches
between both particle positions alternatingly. When the fluo-
rescence intensity of a particle in one channel falls below the
tracking threshold, the search algorithm is executed in the cor-
responding channel while the second particle is still tracked.

2) When probing correlative motion, one tracking channel is
defined as the “leading channel”. After orbiting around the
particle in the leading channel, the data are streamed to the
real-time processor for position calculation and the feedback
algorithm applied. The next orbit is performed at the updated
position with the excitation laser of the second channel. The
data from the second orbit are transferred to the real-time
unit, which directly streams it to the host without a position
update. Now, the next orbit is executed for the “leading chan-
nel”. In this mode, the search algorithm is only started when
the detected count-rate is below the threshold of the leading
channel.

3) In the tracking/FRET modality, one tracking channel is set
as the leading channel for position determination while the
other channel monitors the fluorescence signal of the tracked
FRET pair. The data acquisition, streaming, and position up-
date are the same as described above in the case of correlative
motion. After performing an orbit for the tracking channel,
a spatially identical orbit is performed for either direct donor
or acceptor excitation according to the ALEX sequence. One
complete cycle comprises: tracking channel, acceptor excita-
tion, tracking channel, donor excitation.

The TTL signal of each detector was acquired with the
40 MHz time resolution given by the onboard clock of the
FPGA. In addition to the micro-time, which was given as the
number of clock cycles since the last photon was detected, each
detected photon was tagged with further information regarding
the orbit number, orbit segment, detector number, and exci-
tation laser. All information was multiplexed into a 64-bit
unsigned integer and transferred in separate data FIFO1 to
the real-time processor (Figure 1). To have a live update of the
FRET signal on the host computer, the detected photons during
donor and acceptor excitation are also binned in user-defined
time intervals and the values were transferred using a FIFO2
and network stream (visualization stream, Figure 1). This data
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transfer was executed independently from the tracking algo-
rithm on the FPGA. On the host, the received data from the
FRET stream was written into a binary sidecar file consisting of
the same name as the .txt file. The binned count-rate received
from the visualization stream was monitored to inform the
user about the presence of the FRET pair.

2.3.3. Tracking Algorithm

The implemented 3D tracking algorithm separates the position
determination for the lateral and axial localization. The total
intensity from both detectors was used to calculate the lateral
position. This signal was measured along the orbit and binned
into 16 different positions and expressed as a Fourier series
with coefficients up to the 16th order (k = 16):

I((p,r)zaOT(r)+i(ak(r)cos(k(p)+bk(r)sin(k(p)) (1)

The lateral position of the particle with respect to the center
of the orbit is encoded in the zero- and first-order coefficients
obtained from a Fast Fourier Transformation. The angular posi-
tion, ¢, and the radial distance, d/, from the orbit center can be
calculated from the zero- and first-order coefficients as follows:

@=tan™ (ﬁ)
" (2)

d: = Torbit f(’,)%r)bl(r)

where 1, is the radius of the orbit and f(r) is a theoretically
determined scaling function that converts the modulation of
the signal to a distance. The axial localization is accessible by
comparing the difference in signal between one detector pair.
The particle position d with respect to the focal plane can be
calculated as follows

d; _ AZ'g(Z)‘IAPDl _IAPDZ (3)

Lupp1 + Lapp2

where Az is the distance between the detection planes of
APD1 and APD2, which are positioned equidistantly above
and below the actual focal plane, and g(z) is the corre-
sponding scaling function for z. Both scaling functions are
implemented as lookup tables to decrease the computation
time. Slight differences in the effective detection efficiency for
the two detectors in a detection pair will lead to an offset in
the position of the particle from the actual focal plane. How-
ever, this z-offset does not impact the determined trajectory
and the z-feedback loop aims to equalize the counts between
the two APDs. For two color tracking, the offset from the
focal plane along with chromatic aberrations leads to an offset
between the two tracking channels. As the objective is moved
in the z-dimension using a piezo stage for the axial tracking
routine, this offset is independent of the absolute z-position
and is found to vary only slightly in the x-y plane (Figure S1,
Supporting Information).
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2.3.4. Data Collection and Analysis

As described above, dual-color tracking experiments can be
carried out in two different ways: 1) both tracking channels
are treated independently, or 2) the software actively tracks the
movement of one particle and probes its surrounding for the
second particle. In both variations, the corresponding laser
lines can either be simultaneously activated or alternated.

Image Calibration and Dual Color Localization Experiments: When
measuring the position of multifluorescent beads that were detect-
able in both detection channels, it was evident that this microscope
had a significant shift between the two channels. The main con-
tribution of this offset originates from the chromatic aberrations
of the telescope optics between the galvanometer mirrors and
the objective, which were crucial for good scanning and imaging.
Hence, it was necessary to register the two detection channels to
correct for the aberrations. The chromatic aberrations could also
be minimized by purchasing optimized lenses, as it was shown
recently for another microscope system.?’]

To register the positions of the two detection channels,
a transition matrix was determined using multifluorescent
beads. One hundred microliters of the stock solution (0.2%)
of multifluorescent beads was diluted 100-fold in PBS, added
to an untreated LabTek chamber and allowed to sediment for
10 min. The beads were then tracked for 5,000-10,000 orbits.
The red detection channel was defined as the leading channel
for actively tracking one particle and the blue detection channel
as the passive localization channel for determining the position
from the second signal. Using the position reconstruction from
the fluorescent signal of the blue channel, the coordinates were
mapped onto the leading channel generating a transformation
matrix. The geometric transformation function fitgeotrans from
MATLAB was used to calculate the transformation matrix. The
experiment was repeated with Atto488 labeled, red-emitting
avidin coated beads. One hundred microliters of a 100-fold
diluted 0.1% suspension was mixed with 100 uL of a 100 pm
Atto488-biotin solution and incubated for 10 min. The mixture
was then added to an untreated LabTek chamber. The beads
were tracked with the same settings for 5,000 orbits each after
10 min of sedimentation time. Whenever the spectral range of
one of the tracking channels is changed, the transformation
matrix needs to be redetermined.

Dual-Color 3D Orbital Tracking Experiments: Dual-color
tracking experiments were demonstrated by using 488 and
633 nm excitation to update the position of a particle in the
leading channel first and consecutively localize the second par-
ticle (independent motion) or its emission (correlative motion).
All experiments were carried out at laser powers of 0.32 uW
for 488 nm and 0.42 uW for 633 nm laser excitation measured
before the microscopy body. The orbit-time for each channel
was set to 5 ms.

For independent dual-color tracking, two 0.1% particles sus-
pensions of =500 nm size beads were mixed (see Section 2.1,
Materials and Chemical section for further details). Two micro-
liters of the “yellow” beads and 10 uL of “purple” beads were
mixed with 188 UL PBS and directly added to the passivated
LabTek chamber for the measurements.

For correlative dual-color tracking, a 100-fold diluted suspen-
sion of 0.1% “purple” particles was labeled with biotinylated
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Atto488. Here, 100 UL of the pre-diluted particle solution was
added to 100 pL of a 100 pm Atto488-biotin solution and incu-
bated for 10 min. As the vast majority of the fluorophore is
bound to the avidin-coated beads, no purification step was nec-
essary afterwards. The sample was then directly diluted with
buffer to a final volume of 750 uL containing 1% (w/v) Glu-
cose, 10% (v/v) Glycerol, 1 mm Trolox, and 10% (v/v) Glucose-
Oxidase/Catalase system for photo-stabilizing the Atto488. This
imaging mix was immediately added to a passivated chamber
of an 8-well LabTek slide and sealed. Experiments were started
after waiting for an additional 5 min for oxygen removal.

Tracking/spFRET Experiments: For 3D FRET-tracking, the
microscope alternates between reading out the position in the
tracking channel 1 (488 nm excitation) and probing the FRET
signature of the sample in the second channel. ALEX exci-
tation was used at 633 and 561 nm with position determina-
tion, probed at 488 nm. For slowly diffusing objects, the donor
and acceptor excitation times can be performed for an integer
number of orbits before switching to 488 nm excitation for
updating the position of the particle. 3D FRET/tracking meas-
urements were carried out using 12 uW for 488 nm, 88 uW for
561 nm, and 18 uW for 633 nm excitation measured before the
microscope body.

To extract the distance of fluorescent labels on diffusing
dsDNA via FRET, the dsDNA oligos were attached to slowly dif-
fusing streptavidin-coated silica beads (#CS01000-2; Polysciences
Europe GmbH). For this, 1 UL of the 146 pm bead suspension was
added to 50 uL of 5 pm dsDNA and pre-incubated the mixture for
5 min. During mixing, a few beads were bound with a high con-
centration of dsDNA but the majority of beads ended up with
either one or no dsDNAs attached. Afterwards, 50 UL of 60 pm
Atto488-biotin was added to the mixture and allowed to incubate
for 5 min. For photostabilization, the prepared solution of 101 uL
was filled to a total volume of 750 UL of PBS containing 1% (w/v)
glucose, 10% (v/v) glycerol, 1 mm Trolox, and 10% (v/v) mixture
of the glucose-oxidase/catalase system (6.25 um glucose-oxidase
in 40% glycerol and 2 mm TCEP; 400-800 nwm catalase). This
imaging mix was immediately added to a passivated chamber
of an 8-well LabTek slide and sealed. First measurements were
started after allowing 5 min for oxygen removal.

Data Analysis: The obtained data from dual-color tracking
experiments were loaded and analyzed with home-written scripts
in MATLAB2018a. The FRET data collected during tracking
were analyzed with a home-written program developed in Lab-
VIEW2018. After loading the tracking and sidecar files, the full
data were extracted and converted into time bins of 50 ms. Next
to the information from the first tracking channel including inten-
sity and its 3D trajectory, the software extracts the donor as well
as acceptor intensities and calculates the FRET efficiency for the
second detection channel. Next, the extracted traces were manually
inspected for active tracking in the tracking channel. Otherwise,
the respective data files were excluded from further analysis.

1) Diffusion analysis

Theoretical diffusion coefficients of beads were calculated
using the Stokes—Einstein Equation
kT

6rnr

D (4)
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where k; is the Boltzmann constant, T the temperature, 1 the
viscosity of the buffer, and r the hydrodynamic radius of the
particle.

Diffusion coefficients for the measured traces were deter-
mined using the mean squared displacement (MSD) approach

MSD(t)= <(?(t+ = ?(t’))i,) )

where 7(t) is the 3D trajectory of the particle. For reliable results,
the MSD was calculated over a quarter or an eighth of the tra-
jectory data, depending on the length of the trace. MSD plots of
traces showing Brownian motion (correlative tracks) were fitted to

MSD(t)=6Dt (6)

with t representing the lag time between data points and D the
diffusion coefficient. MSD plots of traces exhibiting diffusion
with a flow were fit using:

MSD(t)= 6Dt +(Vt)* (7)

where V is the flow velocity of the medium.

For motion in cells, one typically observes multiple types
of diffusional behavior. To summarize directed transport,
Brownian diffusion and anomalous diffusion, the MSD plots
were fitted to a generic equation:

MSD(t)=bt™ (8)

where the exponent, ¢, indicates the type of motion and b
is related to the respective diffusion or velocity.?®! For ¢, the
MSD was interpreted as directed transport with b=V?* For
o ~1and o <1, the motion in these regions of the trajectory
was interpreted as normal diffusion or anomalous diffusion,
respectively, with b=6D.

2) SpFRET analysis

All trajectories were inspected and characterized as FRET
traces when they exhibited either single-step photobleaching
of the FRET pair or count rates compatible with single fluoro-
phores. Regions within the selected traces were then catego-
rized as: 1) FRET signal, 2a) donor only or 2b) acceptor only,
and 3) as background. Bead specific background correction was
performed when possible.

stop

b = ! S By (1) (9)

nstop — Mgy + 1) start

where Byy is signal intensity of the background measured with
X laser excitation and Y detected emission channel for the par-
ticular bead, and » represents starting and stopping data points
for the selected region. Otherwise, tracked beads not exhibiting
a DNA label were used to categorize the background due to
scattering or impurities in the buffer. The average background
values from non-labeled beads were calculated for each channel
(Bxy)- The calculated background was then subtracted from the
measured fluorescence signal

Fe xy (t) = Fyy (t) = bgxy (10a)
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or

FC,XY(t)zFXY (t)_BXY (10b)

After categorizing the corresponding intensity traces and
applying background correction for each tracked particle, the
correction factors for direct excitation ¢, spectral cross talk S,
and detection sensitivity y were determined.?>?°l The molecule-
wise correction factor o for direct excitation was derived from
“acceptor only” traces according to

1 2 Foa (t)
(nstop — Mgtart T 1) Istart FAA (t)

o= (11)

Similarly, the correction factor S for spectral cross talk was
derived from “donor only” traces, by taking the ratio of:

ﬂ — ]- f FDD (t) (12)

(nstop — Ptart + 1) botart FDA (t)

In traces exhibiting acceptor photobleaching, the correction
factor ywas derived by

1 Hsiop 1 b stop
—_ Foat) |- ————— Fou(t
((ntswp — Mgt T 1) z Aot ol )) [(nl,stop —Nostart T 1) z Pdant oa{1)

= ] (13)
1 12.500p 1 Hstop A
— B el I — Fop(t
[(nl,stop —Nostart T 1) 2 faatnt oo )J [(nl,stop —PMisar t 1) z st oo {1

/

where regions 1 and 2 are regions of the trace selected before
and after acceptor photobleaching, respectively. For cases where
bead-specific correction factors could not be calculated, the
average value was used instead (i.e., & for direct excitation, B
for spectral cross talk, and ¥ for detection efficiency). Using
the determined correction factors, a corrected FRET efficiency
value E was calculated:

E(t)= Fop (t) = O0CF (_t)—BFDD (t) (14)
Fpa (t)— 0Fuu (£) — BFop (£) + ¥ Fop (£)

A particle-wise averaged FRET efficiency was then calcu-
lated. The FRET efficiency and uncertainty of the different
FRET constructs were given by the peak and standard deviation
of a Gaussian fit to the spFRET histogram.

2.4. SpFRET PIE-MFD Experiments

Solution-based, spFRET experiments on dsDNA were per-
formed on an inverted, confocal microscope (Ecclipse Ti,
Nikon, Germany) equipped with 565 nm (LDH-D-TA-560,
PicoQuant, Germany), and 640 nm excitation (DH-D-C-640,
PicoQuant, Germany). The average excitation intensities for
dual color measurements were 80 uW at 565 nm and 30 uW
at 640 nm. The resulting fluorescence was separated from the
excitation beams via a polychroic mirror (zt405/488/561/633,
AHF; Germany), passed through a confocal pinhole (75 um)
and separated via polarization using a polarizing beamsplitter
(PBS251, Thorlabs, Germany). The fluorescence was then split
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spectrally via additional dichroic mirrors (BS560 and 640DCXR,
AHF; Germany) and cleaned up with the appropriate emis-
sion filters (ET525/50 for the blue channel; ET607/36, AHF,
Germany for yellow detection; ET670/30, AHF, Germany for
red detection). Photons were detected using photon-counting
APDs (Count-100B, Laser Components, Germany; 2x SPCM
AQR-14/2x SPCM AQR-16, PerkinElmer, USA) and registered
by independent but synchronized time-correlated single-photon
counting (TCSPC) hardware (HydraHarp400, PicoQuant, Ger-
many). The detector signal was recorded using a home-written
program in C#.

The recorded data were evaluated using PAMBY to char-
acterize the double-labeled dsDNA constructs. The FRET
efficiency, labeling stoichiometry, fluorescence lifetime and
anisotropy were determined. To calculate these various
parameters, the detected fluorescence photons were sorted
according to the detection channels (donor detection channel:
D; acceptor detection channel: A) and excitation source, which
is encoded in the photon arrival time. Burst selection was
performed by considering detected photons to belong to a
single burst as long as the local count rate within a sliding
window exceeded a certain threshold (5 photons within 500 us
or 10 kHz for the experiments performed here). Only bursts
with a minimum of 50 photons were further analyzed. After
burst selection, the bursts were additionally filtered using a
minimum of at least 150 photons and an ALEX-2CDE filter!3!
between 0 and 30. After background subtraction, the uncor-
rected proximity ratio E* and labeling stoichiometry S™W
were calculated for each fluorescent burst characterized by
three photon-streams, i.e., by its donor-based donor emission
Fpp, donor-based acceptor emission Fp, and acceptor-based
acceptor emission Fyp.

F,
Er=—-—2 (15)
Fpp + FFpy
Taw __ FDD+FDA (16)

" Fpp+Fpu + Fus

While E* monitors the proximity between both fluorophores,
S™W describes the ratio of donor-to-acceptor intensities. After
binning the detected bursts into a 2-D E*-S™" histogram,?>%’]
the contribution of direct excitation " = S5 /(1— Sio ) is derived
by the acceptor-only population (AO). Using the uncorrected
proximity ratio E}, of the donor-only population (DO) allows for
determining the amount of spectral cross talk 8’ = Epo/(1-Eno)
into the acceptor channel. After correction of spectral cross talk,
direct excitation, as well as differences in detection sensitivities
between the channels,*”! the corrected FRET efficiency E and
stoichiometry S are given by

Pk 2V 17 (17)
Fps = Fay = B Fop + 7 Fpp

S= Fpp — a,FAA - ﬂ,FDD +7YFpp (18)
Foa— 0 Fsp— B Fop+YFpp + Fau

The fully corrected FRET efficiency is related to the distance
between donor and acceptor r using:
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Fo_ 1 (19)

Y
1+(7]
Ry

where R, refers to the Forster radius, i.e., the distance between
donor and acceptor fluorophores at which the FRET efficiency
is 50%. The Forster radius for fluorophore pairs in this study
(Atto565-Atto647N) was taken to be 69 A.

3. Results

The multicolor 3D orbital-tracking setup developed in this
work was implemented based on a previously described con-
focal microscope.’?l A schematic representation of the orbital
tracking approach is given in Figure 2A. By circularly rotating
the laser excitation volume of the confocal microscope around
the diffusing particle, the fluorescence signal will be modulated
differently depending on its position within the orbit. By per-
forming a fast Fourier transformation (FFT) on this signal, the
phase and amplitude modulation of the emitted fluorescence
can be determined, which encode the particle position with
respect to the orbit center and allow for lateral tracking. To
obtain axial information at the same time, we implemented a
detector pair. The detected signal is split equally between both
APDs via a beam-splitter (Figure 2B) and the detection volumes
of both APDs are equidistantly positioned out-of-focus. They
are positioned above and below the focal planes via two sepa-
rate lens systems and multimode fibers are used as confocal
pinholes for defining the detection volume. The signal from
both detectors is added together for lateral tracking while the
intensity ratio is used for axial tracking (see Experimental Sec-
tion). With the 3D information at hand, a feedback loop is used
to re-center the orbit of the microscope on the diffusing particle
and enables single-color, real-time 3D orbital tracking.

To enable dual-color 3D orbital tracking and/or reading-out of
the spectroscopic signatures of a tracked particle, the instrument
is equipped with two pairs of detectors and three laser lines at 488,
561, and 633 nm (Figure 2B). For generating the orbit of the laser
beam, galvanometric mirrors are used. The system is also equipped
with a wide-field modality to visualize the environment around
the particle being tracked. Diffusing particles in the sample were
tracked using orbit repetition rates of up to 200 Hz. After excita-
tion, the resulting emission of the sample was detected on the two
pairs of APDs. Using this configuration, experiments with three
different modalities can be performed: 1) the dual-channel tracking
configuration in which both channels alternatingly measure the
position of two independent particles (Figure 2C), 2) correlative
motion where we actively track the particle in three dimensions
in one channel while alternatively determining the position of the
second fluorescent species in the second channel (Figure 2D), or 3)
the tracking of channel 2 was modified for reading out the spFRET
signature of the tracked molecule (Figure 2E).

3.1. Independent Dual-Color Tracking

Dual-color tracking experiments were carried out in two dif-
ferent configurations. We first targeted the independent motion
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Figure 2. Dual-color, real-time 3D Orbital-Tracking: setup, theory, and excitation sequences for the implemented modalities. A) The principle of orbital
tracking: left, the laser (grey shaded area) is rotated in an orbit (black circle) generating a fluorescence signal depending on the position of the emit-

ters (depicted as grey and blue spheres) with respect to the orbit. Right, a

schematic of the modulated signal is shown for the corresponding positions

shown in the left panel. B) Schematic of the instrument. Three excitation lasers are guided onto a galvanometer-driven, two-axis mirror system for
generating the orbit. A 60x water objective focuses the beam into the specimen. The fluorescence signal is collected by the same objective and relayed
to the detection pathway by a PM. The signal is spectrally separated between the two detection channels via a DM. In each detection channel, the light
is either split into two focal planes or into additional spectral regions, and focused on multimode fibers, which act effectively as confocal pinholes
and guide the light to the APDs for detection. The detectors are connected to a FPGA which repositions the laser beam via an active feedback loop.
Abbreviations: APD, avalanche photondiode; BS, beam splitter; FPGA, field-programmable gate array; PM, polychroic mirror; DM, dichroic mirror;
M, mirror; PH, multimode fiber acting as a pinhole. C-E) Multi-color 3D orbital tracking modalities. Spectrally different particles can be tracked
C) independently, D) correlatively or E) with spectroscopic readout. The corresponding excitation sequences for the implemented modalities are depicted
below. Each rectangle represents one full orbit of the corresponding laser wavelengths. For the worked presented here, an orbit-time of 5 ms was used.

of two different emitters by alternatingly tracking their posi-
tion in two separated detection channels. This is similar to
the multiplexing approach that allows multiple particles to be
tracked simultaneously using orbital tracking®? but with dif-
ferent spectral signatures. To benchmark our instrument and
approach, we first checked how accurately we could localize
stationary, multifluorescent beads on a coverslip (Figure 3A). A
clear shift between detection channels is observed. This is to be
expected because chromatic corrections over the large excitation
and detection range (488-700 nm) need to be applied. However,
even with a well chromatically corrected systems, a registration
of the two channels will be necessary to optimize the precision
of the data on the nm scale. After applying the transformation
matrix (Figure 3A, right panel, see Experimental Section for
details), we could localize the beads in both channels with an
accuracy of <5 nm and a precision of <15 nm (Figure 3B) in the
x-y plane. We concentrate here on the axial mapping, as it is sig-
nificantly influenced by chromatic aberrations. The axial dimen-
sion has a chromatic shift of 47 nm, which is fairly independent
of the lateral position (Figure S1, Supporting Information).

Small 2023, 19, 2204726 2204726 (8 of 16)

For the calibration experiments, typical count rates for the indi-
vidual beads were between 15 and 90 kHz in the blue channel,
and between 35 and 400 kHz in the red channel.

In the next step, we mixed two kinds of fluorescent polysty-
rene beads and tracked them in solution. One kind of bead is
450 nm in size and emits between =460 and 540 nm (meas-
ured with 488 nm excitation; blue detection channel). The
second kind of bead is 560 nm in size and emits between 580
and 650 nm (measured with 561 nm excitation; red detection
channel). Representative data from two independently diffusing
particles are shown in Figure 4A (blue trace). Further exam-
ples are provided in Figure S2 (Supporting Information). The
blue particle was constantly tracked over =5.0 s with a sensi-
tivity threshold of 5 kHz for position detection (Figure 4A). This
threshold defines whether a particle is within the orbit or if the
instrument switches to the search algorithm. The measured 3D
trajectory is shown in Figure 4B, where the temporal informa-
tion is color-coded in the trace changing from blue-to-green.

Similarly, the red fluorescence (Figure 4A; red trace) was
used to track the 3D position of the second particle. Its

© 2023 The Authors. Small published by Wiley-VCH GmbH

25U90 17 SUOWILIOD BRI 8|G0 dde aU) Aq poueNob a2 S91Le VO ‘3N 0 Sa|NJ 10} AReiq 1 8UIIUO AB]UM UO (SUOTIPLIOD-PUE-SLLS)W0Y" 4B I AZRJq]1[pUIUO//ST1IY) SUOIIPUOD) PUB SWLS | aU) 95 *[E20Z/0T/0T] U0 AIgiT8ulIu0 A8]im *AUewiieg aueio0D Ad 922702202 IIUS/Z00T OT/I0p/w0a" &3] M Ae)q1puIluO//STy Woa papeojumoq ‘2T ‘€207 ‘62895TIT



ADVANCED
SCIENCE NEWS

il

www.advancedsciencenews.com

www.small-journal.com

20 —_— 95 9.5
A ' NN |~ » ;
9 9
10t
[ []
_ __85¢ . __85F
E E —> E
= 0 e =
> > >
8 8
-10F
7.5¢0 . 7.5t
. 1 L 4 ]
-20 P 7 7
20 -10 0 10 20 4 45 4 45
X [um] X [um] X [um]

B 8 — T 80 _— —- - -
70r M =4.0 nm 1 70r [ ] M=1.2nm 1
ool o=12nm ool o=13nm

%} (%]
8 sof 1 8 sof B 1
(8] (]
NN
3 40 /— 1 5 40r / 1
S S
30f E 30F 4
20f E 20} 4
10F 1 10t 1
. o I 0 i1 Y
-0.02 0 0.02 0.04 0.06 -0.02 -0.01 0 0.01 0.02 0.03
dy [um] dy [um]

Figure 3. Image calibration and corrected registration of the two channels. A) Tracked positions of calibration beads covering the field of view. Red and
blue circles represent the center of mass coordinates for the respective channel. The offset between the channels originating from chromatic aberra-
tions is shown in the middle panel. After performing the mapping procedure, the blue detection channel is corrected. B) Histograms of the measured
distance between the blue and red signal from individual beads along the x- and y-axis are shown for red-fluorescent beads labeled with Atto488 after

applying the image transformation.

corresponding trajectory in solution is shown in Figure 4B.
The spirally shaped motions at roughly 3.25 and 3.75 s
(shown in light grey) indicate activation of the search algo-
rithm as the corresponding bead was lost by the microscope
for a short period of time. This happens when the detected
emission falls below the set sensitivity threshold, which
occurs more frequently with the red beads due to their
approximately fourfold lower intensity. The distance between
both particles (Figure 4C) varies during the observation time
by >20 um. Due to the relatively fast motions of the freely
diffusing beads, we only collect one orbit at the previously
determined location when alternating between beads. This
leads to the large fluctuations observed in Figure 4A. If the
objects were moving more slowly or if faster opto-mechanics
were utilized in the system, one could perform a few orbits to
lock in accurately on the particle, which would decrease the
intensity fluctuations. However, as the position of the particle
is determined via the phase and modulation of the signal,
the absolute intensity does not have a dramatic influence on
the location accuracy.
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An analysis of the relative movement of both beads clearly
indicates that their motions are independent. This can also be
seen by comparing the relative and absolute mean-square-dis-
placement (MSD) plots (Figure S3A, Supporting Information).
For independent motion, the relative distance has a higher dif-
fusion coefficient than the absolute displacement of either bead.
In addition, the MSD (Figure S3A, Supporting Information) also
reveals that their diffusion is not dominated by Brownian motion
but by turbulence induced upon the addition of the nanoparti-
cles to the imaging buffer. Diffusion with flow is also observed
for other example trajectories shown in Figure S2 (Supporting
Information). We verified that the turbulence is not introduced
by the z-oscillations of the objective switching between particles
by performing an MSD analysis on the xy-projected trajectories.
Flow is still observable in planes orthogonal to the motion of the
piezo. The 3D MSD analysis returned the same average flow rate
of 1.7 um s7* for both particles but was found to decrease over the
course of the trajectory. The blue particle has a diffusion coef-
ficient of 0.84 + 0.04 um? s7!, while the red bead diffuses slightly
faster with a diffusion coefficient of 1.03 + 0.05 pm? s’ Using
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Figure 4. Dual-Color Tracking of beads. A-C) Independent motion: A) fluorescence intensities, B) 3D trajectories, and C) relative distance between
the two independently diffusing particles. The beginning of the trajectories is indicated by the arrow in panel (B). The particles exhibit separations of
up to 20 um. The blue intensity and blue-to-green color-coded trace correspond to the particle excited at 488 nm. The red signal and the black-to-red
color-coded track correspond to the bead excited at 633 nm. The grey data points in panels B and C indicate regions when the red particle was not
detected within the orbit. D—F) Correlative motion: D) fluorescence intensities of the red and blue signals corresponding to the fluorescent emission
of the bead (with 633 nm excitation) and dye (with 488 nm excitation). To make it more visible, a factor of four has been applied to the intensity of the
blue channel. E) A 3D correlated trajectory of a red-emitting bead labeled with Atto488. The red trace represents the position of the red particle and
the blue cloud surrounding the trace depicts the localization of Atto488 probed during tracking of the red particle. F) The distance between emission
from the red particle and the Atto488 signal (grey). The solid lines represent a sliding window average of 50 orbits for the correlative tracking (black)

and for consecutive orbits of the tracking channel (i.e., the red channel in this case shown in red).

the Stokes—Einstein relation, a fixed temperature of 20 °C and the
viscosity for pure PBS medium®?! at 20 °C of 77 = 1.0192 mPa-s,
the hydrodynamical radius r of each particle can be estimated.
For the blue particle, we found a radius of =350 nm (or 700 nm
diameter), and a radius of =370 nm (740 nm diameter) for the red
bead. Both values are larger than the average value radius pro-
vided by the supplier (Experimental Section) of 225 and 280 nm,
respectively. We also measured the size distribution of the beads
using scanning electron microscopy (SEM). The dried beads have
a size distribution centered =200 nm radius (or 400 nm diameter,
Figure S4, Supporting Information) with the blue beads having
a slightly larger radius. The hydrodynamic radius determined
from orbital tracking deviates from what is expected from the
measured particle sizes. However, the absolute values are dif-
ficult to compare due to the distribution in bead sizes, protein
coating and solvation shell, and uncertainty in the exact solvent
composition. We consistently observe a slower diffusion coeffi-
cient on average for the larger beads and have the advantage of
measuring the diffusion coefficient directly on the tracked bead
of interest under the exact experimental conditions.

3.2. Correlative Dual-Color Tracking

Often, it is sufficient to measure the distances between two
particles when they are interacting, in which case, a correlative
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dual-color tracking approach can be used. To implement 3D
orbital-tracking of two emitters that show correlative motion,
one channel is defined as the leading channel and used for
actively tracking one of the particles where the second channel
is used to passively localize the second particle. This pro-
vides higher localization accuracy with the same time-resolu-
tion when the two particles are within the laser orbit radius.
Figure 4D,E depicts the intensity (left panel) and 3D trajectory
(right panel) of streptavidin-covered red-emitting beads that are
coated with biotinylated Atto488 (further examples are given
in Figure S5, Supporting Information). The gradient-coded
trace (Figure 4E) represents the Brownian motion of the dual-
labeled bead. The blue clouds represent the detected emission
of the attached Atto488 probed by alternating laser excitation.
To verify that scattering is not the origin of this measured
signal, control experiments were performed in the absence of
Atto488 (Figure S6, Supporting Information) where no signal
was detected in the blue channel. As expected for dual-color
particles, the distance between both emitters did not change
during the tracking experiment (Figure 4F). The relative sepa-
ration between the particles was found to be <100 nm, which
is explained by the temporal delay of 5 ms between the alter-
nating orbits. The quasi-identical trajectories share a common
diffusion coefficient D of 0.11 um? s derived from the MSD
analysis (Figure S3B, Supporting Information). The derived
hydrodynamic radius r = 980 nm of the Atto488-labeled particle
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is significantly larger than the reported radius (290 nm) for the
unlabeled red bead, which suggests we were tracking an aggre-
gate in this case.

We observed that the achieved tracking duration for two
independent particles is generally shorter than for single-par-
ticle tracks as well as dual-color trajectory measured in cor-
relative mode since the instrument has to continually jump
between the two particle locations between each orbit. The
main limiting factor here is the response time of the z-Piezo
nanopositioner for the objective. Hence, the axial position of
the particle may not be perfectly matched, leading to a faster
loss of the particle. This could be circumvented by decreasing
the alternation frequency between the particles. However, this
has to be balanced with the motional speed of the particle such
that, upon returning to the previously known location, the dif-
fusing particle has a high probability of still being within the
orbit.

For tracking correlative motion, the offset between both
channels is mainly biased by two phenomena, diffusion and
chromatic aberrations originating from the telescope system.
Due to the delay between orbits with different excitation wave-
lengths, there is a shift in the position of the particle. This
could be eliminated by combining orbital tracking with pulsed
interleaved excitation.* Chromatic aberrations of the telescope
system can also be corrected for to some extent via calibra-
tion and applying a mapping algorithm. In this case, specially
designed telescope lens can be implemented to dramatically
improve the overlap between the two channels as we have
recently demonstrated on a laser scanning confocal microscope
setup.l?’!

3.3. Spectroscopic Readout during 3D Orbital Tracking

Next, we expanded our dual-color 3D orbital tracking approach
to allow spectroscopic investigations in the second channel. In
particular, we performed single-pair FRET measurements on
diffusing particles. Here, we replaced the 50/50 beamsplitter
used above with a dichroic mirror in the second channel such
that we can measure single-molecule FRET while tracking the
sample in the first channel (Figure 2B). For these experiments,
double-labeled, double-stranded DNA (dsDNA) was linked to
the surface of streptavidin-coated silica beads (0.48 pm diam-
eter), which were labeled with Atto488-biotin (at a ratio of 1:20).
To minimize multiple DNA strands being bound to the same
particle, an oligonucleotide concentration of 5 pm was used
during incubation with the labeled bead. The Atto488 fluo-
rescence was used for tracking while spFRET was measured
between the FRET pair Atto565 and Atto647N attached to the
dsDNA.

3.3.1. Sample Characterization by MFD-PIE

Before performing the orbital tracking experiments, we charac-
terized the dsDNA samples in solution using multiparameter
fluorescence detection® with pulsed interleaved excitation!34
(MFD-PIE; see Experimental Section).[?’! Three dsDNA strands
labeled at different positions were used to generate a low, inter-
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Figure 5. Characterization of dsDNA oligonucleotides serving as FRET
standards. A) Depiction of location of the donor and acceptor fluoro-
phores using an AV simulation on double-labeled dsDNA. The red and
green clouds along the helix mark the accessible positions of the acceptor
Atto647N (base pair 27, top strand) and donor Atto565 (base pair 6, 12,
18 on the bottom strand), respectively. The expected FRET efficiencies
from the AV simulations are 0.258, 0.670, and 0.927 for the low, middle,
and high FRET constructs respectively. B) An accumulative stoichiom-
etry versus FRET efficiency plot of the three dsDNA constructs. Accurate
FRET efficiencies of 0.257, 0.673, and 0.908 were determined for the FRET
constructs.

mediate, and a high FRET signal (Figure 5A and Scheme 1). The
top strand was labeled with an acceptor fluorophore Atto647N
(at position 27) and was biotinylated at the 3’-end for immobili-
zation on the silica beads. The bottom strand carries the donor
fluorophore Atto565 at either position 6 (DNAI), position 12
(DNA2) or position 18 (DNA3). The accessible positions of the
attached dyes along the DNA were determined using AV simu-
lations*®! (Figure S7, Supporting Information) and are depicted
as red or green clouds along the DNA helix in Figure 5A.

According to the AV calculations, the theoretical FRET values
for the three FRET constructs are 0.258 (DNAI; low), 0.670
(DNA2; middle), and 0.927 (DNA3; high). Figure 5B shows the
obtained, accurate FRET histograms of each species with effi-
ciencies of 0.257, 0.673, and 0.908. The predicted and measured
values are in excellent agreement (Table 1).

3.3.2. Correlated 3D FRET-Tracking Experiments
Having calibrated the dsDNA constructs with MFD-
PIE, we then measured the FRET state of dsDNAs attached to

beads diffusing in solution using 3D orbital tracking. For this
modality, a four-orbit excitation/detection scheme was used

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Table 1. FRET values obtained from 3D Orbital Tracking, MFD-PIE experiments, and AV Simulations.

Ro =68 [A] FRET Efficiency 3DOT 3D OT (altern.) PIE-MFD AV Simulation
Gamma y —_ 137 0.7 0.61 —
DNA1 Low 0.151 0.257 0.257 0.258
DNA 2 Middle 0.473 0.631 0.673 0.670
DNA3 High 0.632 0.806 0.908 0.927

(Figure 2E): 1) tracking orbit (488 nm excitation) with posi- spFRET data with alternating laser excitation to monitor the
tion update, 2) the emission readout after acceptor excitation  presence and photophysical state of the acceptor.?>?]

to probe the presence and photophysical state of the acceptor The trajectory of the diffusing particles (Figure 6A—C) showed
fluorophore (633 nm excitation) with no position update, 3)  the expected Brownian motion of the particles in solution.
tracking orbit with repositioning (488 nm excitation) and 4)  The determined hydrodynamic radius (=800 nm), determined
the FRET readout, i.e., dual-color emission after donor exci- from the distribution of diffusion coefficients, is centered
tation (with 561 nm) (see Experimental Section). With this around =0.17 um? s7' (Figure S8A, Supporting Information)
approach, we gather the diffusion information as well as  and again slower than expected. Using fluorescence correlation
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Figure 6. Single-molecule FRET measurements on diffusing DNA molecules. While tracking the reference beads marked with Atto488 dyes in solution
panel (A-C), we monitored the signature of single DNA-based FRET standards panel (D—F) that were attached to the particle via a biotin-streptavidin
interaction. The dsDNA oligos were double-labeled with Atto565 and Atto647N. The donor dye was positioned at three different distances with respect
to the acceptor dye. The resulting oligos are characterized by a G) low FRET value of =26% (DNAT), H) an intermediate FRET value of 63% (DNA2),
and ) a high FRET value of 81% (DNA3).
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spectroscopy to study the diffusional behavior of the Atto488-
labeled silica beads alone (Figure S8B, Supporting Informa-
tion), we could confirm these results and further show that
labeled particles dispersed in imaging buffer also tend to aggre-
gate as seen from the tail at long lag times. This increased par-
ticle size due to the protein corona and glycerol was further
observed in DLS experiments (Figure S9, Supporting Infor-
mation). In addition, SEM reveals a substantial contribution
of non-spherical joint silica particles with an extended length
between 400 and 700 nm (Figure S10, Supporting Informa-
tion), which would decrease the measured diffusion coefficient.
Given the variety of characterization methods and sensitivities,
these findings highlight the strength of our 3D Orbital tracking
approach, which provides a direct readout on the diffusional
properties of the individual particles being tracked.

The corresponding fluorescent intensities for the parti-
cles measured in Figure 6A-C are shown in Figure 6D-F.
The blue intensities correspond to the tracking channel, the
purple signal to acceptor emission after 633 nm excitation
(ALEX channel or AA channel), and the orange (DD channel)
and red intensities (DA channel) correspond to the Atto565
(donor) and Atto647N (acceptor) signal after donor excitation,
respectively. As seen in Figure 6D-F, the Atto488 signal in the
tracking channel comes from =25 to 30 Atto488 molecules
(estimated using an average brightness of 1.5 kHz per emitter)
that are photobleaching over time while tracking the motion
of the bead. The donor and acceptor signal intensities were
examined from experiments where single-step photobleaching
events were observed. These traces and those exhibiting a
similar intensity range were further analyzed. This ensured
that only a single dsDNA was present on the bead. The sig-
nals were then background corrected for Rayleigh scattering
of the laser light, estimated from beads not containing dsDNA
strands, and further corrected for direct excitation (o = 0.47),
spectral cross talk (8 = 0.21) and the detection efficiency
7I2937-3% The correction against direct excitation and spectral
cross talk (see Material Section) could be reliably carried out
by applying the mean values & and f to all recorded FRET
traces (Figure S11A,B, Supporting Information).

Determination of the detection correction factor ¥, how-
ever, is more challenging. The obtained y values are particle-
dependent and varied between 0 and 4 with an average value
of 1.37 (determined from acceptor photobleaching steps,
Figure S11C, Supporting Information). However, this value
is too large for the filters used in the instrument and leads
to an underestimation of the FRET values by 15-30%. The
difficulties in determining y are due to several factors. Chro-
matic aberrations and geometric mismatch of the excitation
volumes lead to biases in the detection efficiency and thus
to a position-dependent y factor. Scattering from the bead
to which the dsDNA is attached depends on the position of
the particle in the orbit as well as the size and morphology of
the bead. Hence, correct subtraction of the scattering for the
individual beads is challenging. Moreover, in contrast to PIE/
nsALEXB340 and usALEX] single-molecule experiments, the
5 ms alternating timescale of moving objects leads to a broad-
ening of the measured stoichiometry value, which makes it
unusable for the determination of the detection correction
factor 7.2
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As an alternative, we used the y factor from the MFD-
PIE instrument, which incorporates very similar filters and
detectors (¥ = 0.7 Table 1). Using this detection correction
factor, we obtained values of 25.7%, 63.1%, and 80.6% for the
low, intermediate, and high FRET constructs. The low and
intermediate FRET values are well in line with the MFD-PIE
data and the expected results from AV simulations. The high
FRET efficiency value deviates more than it should but is clearly
distinguishable from the other two constructs.

4, Discussion

By expanding the number of fluorescence species that can be
tracked at a time, the amount of information collected in a
single experiment can be greatly enhanced. Using a second
detection channel, 3D orbital tracking is capable of following
the position and thereby distance between two spectrally dis-
tinct particles either independently or within the vicinity of
one of the species. In addition, the second channel can also be
used for performing spectroscopy (spFRET in this case) on the
tracked particle.

In the first mode, we were able to track both particles inde-
pendently with separations of over 20 um. Other recently pub-
lished dual-color approaches are only able to track two parti-
cles when they are within the detection volume of the micro-
scope.l??Y From the 3D trajectories, the typical information
such as the hydrodynamic radius of individual particles and
diffusional kinetics can be monitored with time. However,
the independent, dual-color tracks were generally restricted
to shorter measurement times before being lost by the setup
due to the repositioning of the optical devices. In particular, the
piezo stage for the objective used to follow the z motion of the
particle has a response time on the =10 ms timescale.

In the current configuration, the system is capable of
robustly tracking molecules with diffusion coefficients up to
~1-2 um? s7L. For a diffusion coefficient of 1 um? s7., there is a
0.2% chance of the particle moving >500 nm (out of the orbit
radius) within 10 ms, in which case the microscope will lose
the particle in the lateral direction. The piezo stage used for
moving the objective is the element in the system that limits
the overall 3D tracking speed. Hence, the particle will be lost
after a few seconds (Figure S12, Supporting Information).
When tracking a single particle, it is only necessary to move
the objective by the distance the particle has moved in z. How-
ever, when independently tracking two particles, the objec-
tive needs to oscillate between the two different z positions.
With the slow response time of the piezo combined with our
orbit time of 5 ms, the system in its current implementation
has difficulties following rapidly diffusing particles in three
dimensions for long periods of time. This could be improved
by replacing the piezo with an electronically tunable lens, as
has been shown by Annibale et al.*!l Replacing a piezo nano-
positioner with an electronically tunable lens for z-tracking in
3D orbital tracking has led to more than a tenfold increase
in response time of the system. In this configuration, one
could consider replacing the water objective with a high NA
oil objective to collect more photons as the objective is not
moving during tracking.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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When one is not pushing the temporal limits of the
system, multiple orbits can be performed on each particle
to properly “lock-in”, which would decrease the fluorescence
fluctuations observed during tracking (e.g., in Figure 4A).
However, the position of the particle is determined from
the modulation of the signal during the orbit and the differ-
ence in intensity between the different z-planes. Hence, the

www.small-journal.com

tracking precision is much less affected by the fluctuations
in intensity.

We would like to mention that the microscope was designed
for measuring processes in live cells or organisms.['>" To dem-
onstrate this, we followed the endocytosis of “purple” fluores-
cent silica beads in HuH7 cells (Figure 7A). Figure 7B shows
the trajectory of a bead uptaken by an early endosome and its
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Figure 7. Long-duration dual-color tracking of a bead during endocytosis. A) The principle of the experiment: polystyrene beads (Red, 633 nm laser
excitation) are incubated with HuH7 cells expressing the fluorescently tagged marker Rab5-GFP for early endosomes (blue, 488 nm laser excitation)
at room temperature. B) The corresponding trajectory is represented as a 3D plot showing a fast uptake followed by transport and diffusion within
the cytosol over 22 min. C) The corresponding MSD plots obtained along the trajectory using a sliding window are plotted in 3D. The values of the
o p-coefficient calculated with the equation (Equation 8) are encoded in color. The value characterizes the type of diffusion the particles exhibit: an o
-coefficient <1 indicates sub-diffusion, =1 for random diffusion, and >1 super-diffusion. Each value was determined by fitting the MSD function for every
time point t. D) The chromatically corrected distances between the two particles were calculated along the trajectory as a function of time. A relative
frequency histogram is plotted to the right. E) The distribution of orp-coefficients is shown for the bead in red and the endosome in blue. F) For regions
containing o, > 1.4, we plot the distribution of extracted velocities (See Experimental Section for details). The velocities are between 0.5 and T um s,
which is a typical range for transport processes in cells.
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transport within the endosome through the cell. The trajectory
was collected over >20 min yielding more than 120,000 data
points that were analyzed in both channels. By performing a
sliding window MSD analysis along the trajectory, we could
identify regions of directed transport interspersed with pauses
or random motion (Figure 7C). We also investigated the sepa-
ration between the position of the endosome and the bead
(Figure 7D). The typically separation is =20 nm with occasional
fluctuations to larger distances. As we expect the two objects
to colocalize, the separation of 20 nm can be interpreted as
an upper limit of the precision of the independent tracking
modality in a living cell. The distribution of determined expo-
nent, o, and the velocities during transport are shown in
Figure 7E,F (see Experimental Section for details). This pro-
vides a glimpse of the type of information the two-color, 3D
orbital tracking system can provide in a cellular environment.

For most biological processes in living cells, the response
time of the system is sufficient. In addition, the axial travel
range of objects in cells tends to be limited.

For determination of the z position, we split the observation
into two planes. As for any bi-plane technique, this leads to a trade
off in photons detected in each focal plane for increased tem-
poral resolution. Alternatively, one can oscillate the objective and
measure orbits above and then below the laser focus, as has been
done previously using 2-photon excitation.¥ For determination
of the x and y position, we sum the photons from both detectors
together before calculating the radial position. Hence, the loss of
sensitivity for x-y detection is minimal. Unfortunately, there is cur-
rently no convenient and efficient way of separating photons being
emitted from two focal planes spaced =200 nm apart.

In the second mode, one spectral channel can be used for
tracking while the fluorescence of another species is probed
during alternating orbits. This improves the robustness of
tracking algorithm while the instrument is focused on fol-
lowing a single particle and not jumping between locations.
This modality is similar to the extended TSUNAMI approach!?3]
with similar precision, and the spatial distance between both
species encodes information regarding conformational changes
of the tracked particle. For our system, there were no conforma-
tional changes and the distance was constant as expected.

By modifying the second tracking channel and the data collec-
tion software, we could successfully combine 3D orbital tracking
experiments with single-molecule-sensitive FRET detection. In
contrast to the tetrahedral approach,?!l by alternating the corre-
sponding laser lines and our novel detection algorithm, we could
determine the FRET correction factors of the species and
thereby calculate an accurate FRET efficiency. For the very high-
FRET construct, we did have discrepancies in the determined
accurate FRET value. Measuring accurate FRET when the dyes
are in very close proximity is very tricky. First of all, the signal
from the donor fluorophore is low and accurate correction of the
background signal is necessary for an accurate estimation of the
FRET efficiency. At short distances, other phenomena such as
Dexter transfer or dye-dye quenching can influence the FRET
measurement. In addition, as we already discussed, the 10 ms
delay between the FRET and the ALEX measurements biases
the calculation of the correction factor for detection efficiency.

The three modalities united within one single setup repre-
sent an advanced and biophysical tool that opens the possibility
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to monitor the interaction of freely diffusing reaction partners,
such as an endosome on a microtubule. In addition, spFRET
can be accurately measured on an actively tracked object.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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