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ABSTRACT

To deepen our understanding of both biological and material systems for NASA-relevant research,
visualization of the complexity occurring on the nanometer scale is critical. Multicolor single-molecule fluorescence
studies allow for a nuanced understanding of intricate structures within cells, nanomaterials, and polymers but are
limited by the necessity of spectrally distinct probes or time intensive procedures. Recently, we demonstrated an
alternative method termed blink-based multiplexing (BBM) wherein spectrally-overlapped emitters are classified
based solely on their blinking dynamics (i.e., fluctuations in emission intensity under constant excitation caused by
intrinsic photo-physical or -chemical transitions). This study parses the relationships between structure and blinking
activity of rhodamine, BODIPY, and anthraquinone fluorophores to ultimately optimize BBM performance. Through
change point detection and multinomial logistic regression analyses, we show that BBM can harness differences in
spectral diffusion, charge transfer kinetics, and photostability to distinguish and accurately classify fluorophores.
Informed by their photo-physical or -chemical properties, BBM can simultaneously differentiate groups of 2 or 3
spectrally-overlapped emitters using a single laser with > 93% accuracy.

INTRODUCTION

Single-molecule spectroscopy (SMS)
experiments reveal the heterogeneity of molecular
behavior previously hidden behind ensemble
averaging.*-® Not only can valuable information be
gleaned from single molecules “nanoreporting” on
their environment, but these measurements also led to
the groundbreaking development of single-molecule
localization microscopy (SMLM).*® In this
technique, photoexcited fluorescent probes
stochastically fluctuate between emissive ‘on’ states
and non-emissive ‘off” states in a phenomenon known
as blinking. A controlled subset of molecules blink
‘on’ at a given time and their position can be localized
so that a “super-resolved” image down to tens of
nanometers can be developed over many blinking
cycles.*”

Although SMLM techniques yield nanoscale
resolution, the multicolor imaging necessary to
illuminate complex NASA-relevant systems so that
scientists and engineers can control and leverage their
function has proven challenging. A straightforward
technique is to use fluorescent probes with spectrally-
distinct emission (e.g., red, green, and blue
fluorescent dyes). However, there are a limited
number of probes of different colors that operate
effectively together, and additional issues caused by
spectral overlap can arise.*® While the need for
spectrally-distinct probes can be avoided with
sequential labeling and imaging approaches, these
methods are time intensive.*6

In 2022, the Wustholz lab demonstrated a
rapid, accurate multicolor technique named blink-
based multiplexing (BBM).® Whereas former
techniques leveraged blinking to localize molecules,
BBM seeks to classify and false-color multiplex
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emitters by quantifying their blinking dynamics under
constant excitation of a single laser. The advantages
of BBM are that the detection of distinct emitters is
simultaneous, it uses a single excitation wavelength,
and it does not rely on probe color for detection. In
the initial proof-of-concept study, the two model
emitters, rhodamine 6G (R6G) and CdSe/ZnS
guantum dots (QD), were successfully differentiated
and multiplexed with an accuracy >93% using both
empirically-derived metrics and deep learning
algorithms.2 Recently, BBM of the aforementioned
emitters was also demonstrated at varying excitation
powers and experimental bin times, as well as in a
poly(vinyl alcohol) environment.®

These experiments confirmed the feasibility
of BBM and identified optimal BBM conditions for
the QD/R6G system, but several questions remain
unanswered. First, it is important to determine if
BBM can differentiate between biocompatible organic
fluorophores (e.g., rhodamines) for future applications
in biological systems.”° Second, the effect of emitter
structural, photophysical, and photochemical
properties on BBM performance is currently
unexplored and could contribute to selecting more
effective BBM systems. To take full advantage of the
BBM method, which holds the promise to
significantly expand the palette of available
fluorescent probes for SMLM, this study addresses
the two above knowledge gaps.

First, we study the blinking dynamics and
BBM performance of five spectrally-overlapped
rhodamine probes: 5-carboxy-X-rhodamine (5ROX),
rhodamine 123 (R123), rhodamine 560 (R560),
rhodamine 6 G (R6G), and rhodamine B (RB). These
fluorophores have been shown to share a blinking
mechanism of dispersive electron transfer (ET) to and
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from trap states on glass.!*13 Both a shared blinking
mechanism and a broad distribution of on and off
events caused by dispersive ET should hinder BBM
and test the limits of this method. However, structural
differences in selected rhodamines result in varying
flexibility, polarity sensitivity, N-dealkylation, and
ET kinetics that can allow for blink-based
classification despite other similarities.”'*6 Indeed,
we observe that BBM can distinguish between pairs
of rhodamines with > 90% accuracy at the price of
some data loss.

Next, we examine probes of different
molecular classes, namely pyrromethene 605
(PM605) and alizarin (AZ) via BBM. The former falls
in the dipyrromethene (BODIPY) family and has an
unknown blinking mechanism, and the latter is an
anthraquinone which experiences excited-state
intramolecular proton transfer (ESIPT).Y
Furthermore, we study QDs, which undergo
dispersive charge transfer processes unique from the
rhodamine dyes.'®!°® As anticipated, differences in
blinking mechanism and ET Kinetics cause increased
BBM accuracy and data retention which allows for
effective two- and three- color multiplexing. Overall,
this study not only reveals the fundamental
connections between emitter structure and blinking,
but also harnesses this information for BBM.

METHODS

Materials, Sample Preparation, Emission
Spectroscopy

R6G (Acros Organics, 99%), R123 (Acros
Organics, 99+%), 5ROX (5-carboxy-X-rhodamine,
triethylammonium salt, ThermoFisher Scientific), RB
(Acros Organics, 99%), R560 (Exciton), QD
(Invitrogen, Qdot 565 ITK carboxyl quantum dots, 8
UM solution in borate buffer), AZ (Acros Organics
97%), and PM605 (Exciton) were used as received.
Using base bathed glassware (1M KOH for 12-24 h),
stock solutions of QD, R6G, R123, 5ROX, RB, and
R560 were prepared in Type 1 ultrapure water
(Thermo Scientific, Easy Pure II, 18.2 MQ c¢m) while
the AZ and PM605 stock solutions were prepared in
ethanol (absolute anhydrous, 200 proof). Prior to use
for single-molecule experiments, stock solutions were
briefly sonicated and diluted to ~1 nM in their
respective solvents. Glass coverslips were prepared by
base bathing for 12-24 h, rinsing with ultrapure water,
and drying with clean air (Wilkerson, X006-02-000).
A 35 L aliquot of the diluted solution was spin
coated (Laurell Technologies, WS-400-6NPP-LITE)
onto a glass coverslip at 3000 rpm for 30 seconds
with a 5 second acceleration time. Bulk emission
spectra were collected with a spectrofluorometer
(FS5, Edinburgh Instruments) using 10-5-10 M [dye]
in 1 cm quartz cuvettes. The excitation wavelength
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was set to 532 nm and emission was scanned from
535 to 700 nm with a 1 nm step and a 0.1 s dwell.
Single-Molecule Microscopy

Samples were affixed to a custom aluminum
flow cell (approx. 1.5 x 3 x 0.5 in.), flushed with dry
N2 via Tygon tubing before and during each
experiment (Key Instruments, MR3A01AVVT,
approx. 0.2-0.5 scfh) and set on a nanopositioning
stage (Physik Instrumente, LP E-545) on an inverted
confocal microscope (Nikon, TiU). Laser excitation
(Spectra Physics, Excelsior, 532 nm) with a power of
~1 pW was focused to a diffraction-limited spot
utilizing a high numerical aperture (NA) 100x oil-
immersion objective (Nikon Plan Fluor, NA = 1.3).
Emission from the sample was passed back through
the objective, a long pass edge filter (Semrock, LP03-
532RS-2S) to an avalanche photodiode detector
(APD) with a 50 um aperture (MPD, PDM050CTB)
to achieve confocal resolution. A z-axis microscope
lock (Applied Science Instruments, MFC-2000) was
used to ensure the laser stayed in focus during raster
scans. To both control the nanopositioning stage and
collect ~10 x 10 pm? emission micrographs over a 30
ms integration time, a custom LabView program was
used. The blinking dynamics of single emitters were
observed for 100 s for AZ (n=146) and 150 s for QD
(n=143), PM605 (n=116), 5ROX (n=95), RB (n=71),
R560 (n=64), R123 (n=132), and R6G (n=148) with a
10 ms dwell time. For BBM studies with AZ, QD
(n=143), PM605 (n=116), 5ROX (n=135), RB
(n=71), R560 (n=64), R123 (n=133), R6G (n=148)
were truncated to match the 100 s AZ traces. To
determine the presence of single emitters, the
concentration dependence of the spot density,
blinking dynamics, and irreversible single-step
photobleaching of diffraction limited spots were
observed.

Blinking Analysis and Emitter Classification

Based on the approach by Yang and
coworkers, the method of change point detection
(CPD) was employed to quantify statistically
significant emission intensities (reported in units of
counts per 10 ms bin) and respective durations from
binned data.?° The details of this technique are
presented by Kopera and coworkers.'® The lowest
deconvolved intensity is labeled as ‘off’, and emissive
‘on’ events have intensities which fall one standard
deviation above the rms noise. A total of 10
independent blinking statistics are extracted from
each blinking trace and then standardized via z-score
normalization.

The identity of the emitter, along with its
normalized statistics were then applied to multinomial
logistic regression (MLR) analysis in MATLAB. In
MLR, the probability of a molecule being class A (Pa)
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is first fit to a log-likelihood (sigmoid) function
shown by Equation 1. The resulting fit parameters
are output as a linear combination of regression
coefficients (m, n, ...) with their associated predictor
(X, Y, ...) and a vertical intercept (b) where the
predictors are the 10 independent CPD statistics
(Equation 1).

e (mpx+ngy+..by)

P, = ®

211;1 e (Mgx+ngy+..bg)
For binary classification, MLR generates one set of
regression coefficients, but since there are three
classes total (K=3) for ternary classification, there are
two (K-1) total sets of nonzero regression coefficients.
The first set of coefficients corresponds to the fit
parameters comparing class A to class C (k=1), the
second set compares class B to class C (k=2), and
class C is designated as the ‘pivot’ class with all
coefficients set to zero (k=3).

Then, with emitter identities removed, each
dataset of blinking traces was divided into training
(90%) and testing (10%) for 10-fold cross-validation
analysis to gauge the model’s ability to accurately
predict emitter identity. The probabilities resulting
from the cross-validation analysis were employed for
classification. For binary classification, a default
threshold of P4 > .50 was used to determine whether
an emitter belongs to class A or B and default
threshold of P, > .33 was applied to classify emitters
into A versus B or C.

RESULTS AND DISCUSSION

BBM of fluorescent rhodamine dyes

To probe the capability of BBM to
distinguish fluorophores with a shared blinking
mechanism, 5ROX, R123, R560, R6G, and RB were
examined. Due to the significant overlap in emission
spectra seen in Figure 1, these fluorophores would be
unsuitable for traditional spectral-based multiplexing.
Approximately 100 nm separation is required for
spectral differentiation, but these rhodamines have
emission maxima which are < 30 nm apart, with the
exception of R560 and 5ROX which are 70 nm
apart.2+?2 Additionally, RB and R560 were selected
as a negative control since RB is known to undergo
N-dealkylation to produce R560 when excited at 532
nm. Hence, RB and R560 should not be readily
differentiated via BBM as the RB dataset effectively
contains R560.162%
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Figure 1: Structures and bulk fluorescence spectra of the
probes examined in this study. (pink solid) R560, (green
dashed) R123, (black dash-dotted) R6G, (red dotted) RB,
(blue dashed) 5ROX, (gray solid) AZ, (cyan dash-dotted)
QD, and (orange solid) PM605. Reprinted with permission
from reference 24.

To begin, blinking measurements for ~100
molecules of each of rhodamines were collected
under the same experimental conditions. Due to the
complexity and non-binary nature of the emission-
time traces, CPD was used to quantify emission
intensities and temporal statistics. Representative
blinking traces of 5SROX and R6G are displayed in
Figure 2A and 2B with CPD analysis visualized as a
red line. Quantitatively, CPD also outputs 10
independent statistics: the number of distinct
intensities (M), minimum and maximum emissive
intensities (Imin and Imax), time-averaged
intensity ((I).), average length of on and off
segments ({ton,seq) aNd (t,rf 5eg)), average length of
on and off intervals ((ton,ine) and (t,f5,in¢)), and the
number of on and off segments over each trace
(Nonseg and Nofzseg). The temporal CPD statistics are
divided into intervals and segments, with segments
referring to the amount of time an event remains at a
particular intensity and intervals denoting the length
of time before switching between on and off events.

To test BBM viability, normalized CPD
statistics and emitter identities were input into a
MATLAB code for MLR analysis and classification.
For the SROX/R6G example (where 5ROX is class A
and R6G is class B from the general form A/B used
throughout the study), the default accuracy output by
MLR is 86.4%. The overall classification accuracy
can be visually broken down via a confusion matrix
where the true identity of the emitter is located on the
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Figure 2: Blinking analysis and MLR-based classification of 5ROX and R6G. Reprinted with permission from reference 24.

y axis and the predicted classification is along the x
axis (Figure 2C). In this case, 13 molecules which
were truly 5ROX are incorrectly classified as R6G
(Figure 2C).

The probability thresholds can be adjusted to
optimize classification accuracy by removing “less
certain” data.® For SROX/R6G, when the probability
threshold is set to the minimum (P4 > .50), the
classification accuracy is 86.4%. However,
increasing the probability threshold to 0.66 results in
an impressive 90% accuracy while maintaining 88%
of the blinking data (i.e., 88% of data is retained and
the 12% that falls between a Pa of 0.5 and 0.66 is
removed). The overall upward trend of classification
accuracy as threshold increases and the
corresponding loss of data is shown in Figure 3D.

Table 1: Binary BBM-based classification results for
5ROX, R123, R560, and RB

minimum for 93% accuracy
Classification f(";oc)”racy TPR |FPR |threshold ?;t:ntion

(%)

5ROX/R6G  [86.4 0.86 [0.13 |0.97 26
R6G/RB 80.4 0.83 |0.31 10.95 28
5ROX/R560 [76.1 0.85 [0.38 |0.92 35
R123/RB 69.5 0.83 |0.55 |0.87 22
R6G/R123 81.8 0.8 [0.17 |*
R6G/R560 71.2 0.87 10.66 |*
R123/R560  69.9 0.86 [0.63 |*
5ROX/RB 69.3 0.78 [0.42 |x
5ROX/R123 [64.3 0.34 10.14 |x
R560/RB 58.5 0.47 [0.31 |
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This approach was applied to all binary
combinations of the five available rhodamines, as
summarized in Table 1. Table 1 establishes the wide
range of minimum accuracies output by MLR with
the most accurately classified pairing being
5ROX/R6G and the least being R560/RB. In fact, the
classification accuracy of R560/RB falls just above
random guessing (50% accuracy) at 58.5%. This
result supports the interpretation that R560 and RB
are not readily differentiated due to photoinduced N-
dealkylation of RB into R560 and other
intermediates.?® Aside from R560/RB, 6 out of 9
rhodamine pairs can achieve 90% classification
accuracy by elevating the probability threshold with
retention ranging from above 75% to about 25%.
Aiming further to 93% accuracy, 4 of 9 pairs are
viable, albeit with relatively low data retention
(Table 1). Overall, despite complex blinking
dynamics and a shared molecular class, accurate two-
color BBM is possible for several rhodamine pairs.

Impact of rhodamine properties on BBM
classification

MLR classification determined that
5ROX/R6G, R6G/RB, 5ROX/R560, and R123/RB
were the most successful BBM pairs based upon
minimum classification accuracy and ability to reach
93% accuracy with thresholding (Table 1). However,
a more critical investigation of the MLR fits in
association with photophysical and photochemical
properties of these fluorophores is necessary to
understand these results.

The fit parameters derived from MLR
analysis are unique to each classification problem and
provide insight into the most important blinking
statistics for classification. For example, the highest
weighted predictors for the 5ROX/R6G classification
problem (Equation 2) are /mis, Nofseg {I);, and




Nonseg. This indicates that these CPD statistics are the
most critical for differentiating between 5ROX and
R6G.

—2.7Lpin — 0.8Nyff 509 — 0.7¢I); + 0.6Npp g
+0.4(ton ine) + 041y q, — 0.4N; — 0.3(ton 5¢4)

+0.2{torfime) — 0.2(torf seq) — 1.3 (2)

Over the 9 pairs of rhodamines, five CPD-derived
statistics are most heavily weighted for BBM
classification: Zmin, Nj, Nosseg (toff seq), aNd
(torr,mt)** Hence, both brightness and emission
intensity fluctuations (/mi, Ny) and the longevity of
dark states ({t,rf,seg) aNd (torf,ine)) are key to
effective classification.

According to prior studies, emission
intensity can be influenced by brightness,
conformational flexibility*®, N-dealkylation,516.23
and molecular environment,”*1% and therefore may
be playing a role in /mi, differentiation. The most
straightforward explanation for the relation of Zmm to
rhodamine spectral properties is simply their
brightness. However, this would imply that Zuax
would also be a dominant factor in differentiating
fluorophores. Since this is not the case, rather than
brightness alone, it appears that these “dim” states in
particular are crucial to classification. Zhang et al.
showed the intensity fluctuations of single molecules
of R560, RB, rhodamine 101 (R101, closely related
to 5ROX), and other small molecule dyes on glass
are connected to significant shifts in emission
wavelength.® These spectral shifts are rationalized
by N-dealkylation, but more dominantly by freedom
of their N,N-dialkylated groups to rotate.® By this
logic, the five rhodamines can be divided into three
categories: those that have both N,N-dialkylated
rotation and N-dealkylation functionalities (R6G and
RB), only N-dealkylation ability (5ROX), and neither
(R123 and R560). With the reasoning that
rhodamines from different categories would be more
easily differentiated, the success of 5ROX/R6G,
5ROX/R560, and R123/RB pairs for BBM is
rationalized. However, the distinguishability of R6G
and RB remains unclear.

The temporal values tomme and tosses are
also key statistics, especially for R6G/RB and
R123/RB differentiation, and therefore are valuable
to BBM classification.?* Previous single-molecule
experiments utilized on and off interval distributions
to examine the photophysical mechanism of on and
off switching.X* 2 Specifically, single-molecule
studies of rhodamine fluorophores immobilized on
glass and TiO; produced lognormal distributions of
on and off intervals, consistent with the Albery model
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of dispersive ET kinetics.? To elucidate the
switching kinetics for the 5SROX, R123, R560, R6G,
and RB datasets, complementary cumulative
distributions functions (CCDFs), maximum
likelihood estimation (MLE) and Kolmogorov-
Smirnov (KS) fitting techniques were employed.
First, the CCDFs show the likelihood that an event
occurs in a time greater than or equal to the time ¢on
the x axis of the function.!>?® Then, MLE/KS analysis
of these broad, heavy tailed distributions reveal that
lognormal distributions most accurately represent the
CCDFs over other test functions, aligning with the
Albery model as expected.

Although all five rhodamines fit lognormal
distributions, the differences (and similarities) in fit
parameters provide insight to the specific switching
dynamics of each fluorophore. The on-interval
CCDFs are highly overlapped, with a median (on)
and standard deviation (oon) Of the distribution
corresponding to ~0.01 and ~1.9 respectively (Figure
3A). Hence, ET Kinetics to dark states cannot
appreciably contribute to distinguishability of the
selected rhodamines. On the other hand, the off-
interval CCDFs show considerable differences in
lognormal fits with L values of —1.3, -1.27, -0.7, -
0.3, and —0.1 corresponding to 5ROX, R6G, R560,
RB, and R123.%* Since the average rate constant for
back kinetics is proportional to -p according to the
Albery model, the average dark state decay rate
constants follow the order 5ROX ~ R6G > R560 >
RB > R123.1%%3 Further, oo values range from 2.0 to
2.6, with the lowest value corresponding to 5ROX
and the highest for RB.* The o values correlate to
the dispersion about the average back ET rate
constant, which implies that 5ROX has minimal
dispersion and RB has the most significant amount of
dispersion about pef. The high recombination
dispersion of RB is logical given that the fluorophore
can undergo both N,N-dialkylated rotation and N-
dealkylation.
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Figure 3: Distributions of blinking event durations for
5ROX, R123, R560, R6G, RB, and PM605. (blue, dashed)
95 5ROX, (green, dashed) 132 R123, (pink) 64 R560,
(black, dash-dotted) 148 R6G, and (red, dotted) 71 RB
molecules and immobilized on glass, presented with best-fit
parameters to lognormal functions. Reprinted with
permission from reference 24.

Collectively, the differences in ET kinetics
represented by the lognormal fit parameters can
explain the BBM accuracy of R6G/RB and the other
three well performing rhodamine pairs. While the
accuracy of R6G/RB classification could not be
rationalized with emission intensity analysis, the off
interval fit parameters of the two fluorophores are
notably different. RB has a [t 0of —0.3 and oo 0f 2.6
while R6G has a o 0f —1.27 and oot 0f 2.07. The
pairs 5SROX/R6G, R6G/RB, and 5ROX/R560 also
have relatively large differences in o and oo values
s0, on top of emission differences, ET kinetics also
reinforce their BBM classification accuracy. The
remaining poorly performing pairs (aside from the
formerly explained R560/RB pair) likely have
overlapping kinetic and emission related properties
which cause highly similar blinking-related statistics
that MLR cannot discern for BBM.

Overall, binary rhodamine BBM is viable as
evidenced by the 90% accuracy achieved by six pairs
and the 93% accuracy possible for four pairs. This
result is surprising given the shared on-off blinking
mechanism but can be explained with a combination
of ET kinetics and spectral properties. However,
BBM can only leverage differences in recombination
ET, N-dealkylation, and rotational freedom to a
certain extent. Since CPD-derived blinking statistics
and distributions overlap considerably, significant
thresholding is necessary to achieve the 90%
accuracy benchmark. Unfortunately, due to such
overlapping, when extending BBM classification to
three rhodamines, the average minimum average
accuracy is a meager 62%. Even when elevated
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thresholds are applied, only the 5ROX/R6G/RB trio
reaches 90% at the expense of ~85% data loss. The
limitations of BBM classification with exclusively
rhodamines motivates the introduction of different
classes of emitters.

Exploring different emitters for BBM optimization
Successful binary classification of
rhodamines shows that BBM can distinguish modest
variations in blinking patterns within a shared on-off

blinking mechanism. It is then predicted that
introducing emitters with more structural and
photophysical differences (i.e., BODIPY,
anthraquinone, QD), will significantly improve
binary and ternary BBM performance.

First, we investigated a BODIPY
fluorophore due to their recent rise in popularity for
super-resolution imaging techniques. Specifically, the
BODIPY dye pyrromethene 605 (PM605) was
selected for blinking analysis and BBM studies due
to its 565 nm emission maximum which overlaps
with the five rhodamine fluorophores (Figure 1). By
collecting ~100 PM605 blinking traces under the
same experimental conditions and quantitatively
processing via CPD, the underlying blinking
mechanism of PM605 can be assessed.
Unexpectedly, not only were the PM605 CPD values
frequently statistically equivalent to the rhodamines
(with the exception of (t, 7 seg)s Lmin, AN (toff ine)),
the associated CCDF distributions of on and off
intervals were best fit to lognormal distributions and
coincided with some rhodamine distributions (Figure
3).24 Therefore, it is plausible that PM605 also
undergoes an Albery-type blinking mechanism such
as dispersive ET. More thorough investigations of the
photophysical and photochemical properties of
PM506 and other BOPIPY fluorophores are
underway and beyond the scope of this study.

Via MLR, PM605 was introduced into
binary and ternary BBM classification problems.
BBM performance showed some improvement from
rhodamines alone, a promising result for the
hypothesis that different classes of fluorophores can
provide additional differentiability for BBM. In
particular, the default binary accuracy for all
rhodamine/PM605 pairs exceeds 75% (Table 2).
Then, when an increased threshold is applied, all
pairs are capable of reaching 93% accuracy and four
of five pairs maintain modest to high data retention.?*
Extending to ternary classification with two
rhodamines and PM605, average minimum accuracy
increases by 7.5% to 69.5% (Figure 4). While default
accuracy is still relatively low, 90% accuracy is
possible for four combinations of two rhodamines
and PM605. Even more promising,
5ROX/PM605/RB retains about 50% of its total




dataset when a 0.8 threshold is applied for 90%
accurate BBM.?* This trio represents the first viable
three-fluorophore model for BBM.

Table 2: Binary BBM-based classification results with
PM605, AZ, and rhodamines

minimum for 93% accuracy

Classification data
a;:curacy TPR |FPR [threshold [retention
o) (%)

S5ROX/PM605 [85.3 0.84 (0.14 |0.78 79

PM605/R123 82.7 0.81 (0.16 [0.93 40

PM605/RB 82.4 0.84 (0.20 |0.82 73

PM605/R560 [78.9 0.83 (0.28 0.88 52

PM605/R6G  [76.1 0.70 (0.19 |0.95 12

5ROX/AZ 97.9 0.97 [0.01 v

IAZ/RB 94.5 0.96 [0.08 v

IAZ/R123 92.8 0.94 (0.08 |v

IAZ/R560 87.6 0.92 (0.22 |0.83 77

IAZ/R6G 82.3 0.82 (0.17 10.79 75

IAZ/PM605 74.4 0.81 (0.34 |0.88 29

Due to the unexpected overlap in blinking
dynamics between PM605 and rhodamines, there is
further opportunity to improve BBM by using
emitters with more distinct blinking behavior. For
instance, the organic fluorophore 1,2-
dihydroxyanthriquinone, commonly known as
alizarin (AZ), is capable of undergoing excited-state
intramolecular proton transfer (ESIPT). ESIPT
causes a broad emission band which ranges from
approximately 535 to 700 nm (Figure 1). At the
single-molecule level, we previously noted ESIPT
causes an elevated number of on segments and
reduces both ET and photobleaching.” Due to a more
distinctive blinking mechanism being operative for
AZ, we expect to observe distinctive blinking
statistics and/or distributions of on/off intervals
which would result in higher BBM accuracy.

Indeed, AZ’s unique ESIPT blinking
mechanism is observed to enhance BBM
performance. When paired with each of the five
rhodamines, default classification accuracies range
from 82.3% to an impressive 97.9% (Table 2). Every
pair reached or exceeded 93% BBM accuracy, with
the minimum data retention of 75% (Table 2). When
including AZ in ternary classification with two
rhodamines, the average minimum accuracy now lies
at 77% (Figure 4) with the most effective trio at the
default threshold being 5SROX/AZ/R560 with an
accuracy of 80.6%. The number of sets which
achieve 90% accuracy with threshold increased from
4 with two rhodamines and PM605 to all 9. Further,
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the AZ/R123/R560 combination retains 72.3% of its
dataset at this elevated accuracy.?* However,
retention at 90% accuracy can range down to 25%
and data retention is consistently low when
thresholding to 93% accuracy.

To further test the hypothesis that more
distinctive blinking mechanism leads to better BBM
performance, QDs were included in classification
problems as well. QDs are semiconductor
nanoparticles rather than small molecules and display
brighter and more frequently fluctuating emission as
well as higher photostability than R6G.8919
Additionally, previous experiments fit on and off
event distributions to truncated power laws.'®° When
QDs are included in ternary classification with two
rhodamines, average minimum accuracy increases to
81.1% (Figure 4). Again, all 9 sets achieve 90%
accuracy, now with an average retention of 72%.
Even more successful are the ternary classifications
with QD, AZ, and one rhodamine due to three
different blinking mechanisms being operative. For
these combinations, the minimum accuracy averages
at 85.5% with 90% and 93% accuracy feasible for all
five trios with reasonable data retention on average.?
Indeed, the overall highest performing ternary
classification was 5SROX/AZ/QD, with a default
accuracy of 89.2%.2*

Rh = 5ROX, R123, R560, R6G or RB
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Figure 4: Bar graph summarizing the impact of structure
and photophysics on average ternary BBM performance.
Accuracy (white) is minimum classification accuracy and
retention (blue) is average data retention corresponding to
90% classification accuracy. Reprinted with permission
from reference 24.

Overall, accurate ternary BBM is
accomplished across many emitter combinations, all
of which are spectrally overlapped. In total, of the 39
ternary classification experiments, 19 of these sets
reached 90% accuracy while retaining at least 50% of
the data.?* The trend of increasing default accuracy as
well as data retention at 90% accuracy supports the
interpretation that introducing different blinking



dynamics and mechanisms improves BBM
performance.

CONCLUSIONS
Ultimately, BBM is capable of discerning broadly
distributed and complex blinking dynamics, even
when an on-off blinking mechanism is shared
between fluorophores. Indeed, several pairs of the
five selected rhodamines were differentiated based
upon variations on emission intensities and ET
kinetics within the dispersive ET framework. Hence,
when considering future rhodamine probes for BBM,
selecting fluorophores with differentiable ET kinetics
and/or spectral diffusion tendencies would be
favorable. Then, incorporating PM605, AZ, and QD,
emitters with increasingly distinct photochemical and
photophysical properties, results in increased BBM
default classification accuracy and data retention
when thresholding. Although PM605 undergoes more
similar blinking dynamics to rhodamine dyes than
expected, some improvement to BBM is observed
and suggests BODIPY probes are a viable inclusion
into BBM systems. However, modeling BBM with
AZ which undergoes ESIPT and QD which employs
a dispersive charge transfer process results in the
highest performing two and three emitter BBM tested
thus far.

By investigating the influence of emitter
properties on blinking dynamics, we establish a
framework for selecting fluorophores in this study
and for future BBM implementations. However,
some considerations will be made in future studies to
address the viability of BBM for the purpose of
multicolor high-resolution imaging. For instance,
measurements for this study were collected using a
confocal microscope, but wide field imaging is more
time-effective and practical for SMLM applications.
Additionally, higher labeling densities are required to
implement SMLM, so the blinking of probes should
be assessed at elevated densities in future studies.
With these and other qualifications in mind, BBM
has the potential to greatly expand the number of
emitters which can be simultaneously multiplexed for
SMS and SMLM applications.
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