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Abstract
Background  Confocal burst single-molecule FRET (smFRET) is a valuable technique for studying biomolecular 
dynamics over various timescales. Photon-by-photon recording and analysis approaches, such as multiparameter 
Hidden Markov analysis (mpH2MM), exploit the full time resolution of the data and allow disentangling FRET-related 
signal changes from fluctuations caused by dye-related phenomena, such as blinking. However, the influence of 
blinking dynamics on quantitative mpH2MM analysis has not been explored in detail.

Methods  Using simulated smFRET data, we characterized the impact of blinking dynamics on quantitative mpH2

MM analysis. We developed an mpH2MM-guided approach to remove the subset of bursts affected by blinking. We 
systematically validated our approach with simulations and applied it to experimental confocal burst smFRET data of 
DNA hairpins.

Results  We demonstrated that standard-processed smFRET data from a dynamic DNA hairpin contain dye-blinking 
states. Since the true parameters in experimental data are unknown, we used simulations with different severities of 
blinking to characterize the impact of dye-blinking dynamics on mpH2MM analysis. We showed that blinking causes 
mpH2MM to systematically underestimate FRET state exchange rates and shift the E − S histogram. We applied 
our proposed mpH2MM-cleaning approach to simulated data with various degrees of blinking dynamics. Removing 
blinking-affected bursts corrected the blinking-induced bias in the E − S plot and mitigated the blinking bias of 
mpH2MM analysis. Finally, we demonstrated the effect of the filtering approach on experimental smFRET data of a 
dynamic DNA hairpin and observed similar effects to those in simulated data.

Discussion  We propose a method to minimize the impact of dye blinking on dynamic smFRET analysis by using 
the ability of mpH2MM to identify short-lived dye blinking states. Removing blinking-affected bursts improved the 
accuracy of dynamic smFRET analysis and enabled accurate recovery of state exchange rates by subsequent mpH2

MM analysis, though at the cost of losing affected bursts. Our findings highlight the importance of considering dye 
blinking effects in qualitative and quantitative smFRET analysis and the critical need to combine alternating-excitation 
smFRET with photon-by-photon analysis.
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Introduction
Dynamic structural rearrangements of biomolecules are 
essential to their function [1–5] and occur in many, if not 
all, classes of biomolecules, such as enzymes [6–9], mem-
brane proteins [10, 11], or nucleic acids [12–16]. As struc-
tural dynamics are not easily synchronized over a bulk of 
molecules but rather appear as quasi-random, jump-like 
processes at the level of individual molecules, ensemble 
averaging experimental techniques such as X-ray crystal-
lography, Small-angle X-ray scattering, or cuvette-based 
fluorescence spectroscopy cannot resolve such phenom-
ena. Single-molecule techniques, such as single-molecule 
Förster resonance energy transfer (smFRET), overcome 
these limitations by directly measuring individual mol-
ecules [1, 17–19]. FRET relies on non-radiative energy 
transfer between a donor and acceptor dye, with changes 
in the transfer efficiency reflecting changes in inter-dye 
distance [3, 19, 20] is a useful phenomenon for detect-
ing structural changes in biomolecules by monitoring 
nanometer-scale distances in real-time [1, 17]. The donor 
and acceptor dyes used for FRET experiments are typi-
cally site-specifically conjugated to informative sites on 
the molecule of interest [21–23]. Single-molecule detec-
tion in smFRET is commonly achieved by tethering the 
molecule to a surface for extended observation times or 
by analyzing the signal of molecules as they freely diffuse 
through the detection volume on a confocal microscope 
[1, 2].

In diffusion-based confocal smFRET (from hereon 
referred to as “smFRET”), picomolar concentrated fluo-
rescently labeled molecules appear one at a time as sud-
den spikes in fluorescence intensity, known as bursts. 
They result from the Brownian diffusion of fluorescently 
labeled molecules through the confocal observation vol-
ume of the smFRET instrument [24, 25]. For typically-
sized biomolecules, bursts last a few milliseconds and are 
algorithmically extracted to build burst-wise FRET his-
tograms, where the FRET-detectable states of individu-
ally observed molecules appear as distinct populations. 
Various analysis methods have been developed to extract 
kinetic and structural information from burst smFRET 
data, for example, approaches that assess the variance of 
the FRET traces within bursts (e.g., burst variance anal-
ysis, BVA [26]), analysis of the histogram shape given a 
kinetic model (e.g., photon distribution analysis PDA [27, 
28]), or time-correlation of the fluorescence signal (e.g., 
filtered fluorescence correlation spectroscopy, fFCS [29, 
30]). However, in many, if not all of methods, the donor 
and acceptor dyes are, in most cases, assumed to be per-
fect fluorophores.

Blinking is a common phenomenon exhibited by fluo-
rescent dyes and refers to the observation that dyes tem-
porarily stop to fluoresce entirely or alter their emission 
properties. Blinking typically occurs on timescales of 

micro- to milliseconds and its rate depends on the type of 
fluorophore, its local environment, and excitation inten-
sity [2, 31–33]. In smFRET experiments, blinking of the 
acceptor dye in particular, may be misinterpreted as a 
structural transition because a loss in acceptor intensity 
appears as a loss of FRET [34, 35]. Alternating excitation 
schemes were introduced to monitor the acceptor dye 
[25, 36, 37]. However, if blinking fluctuations occur on a 
timescale close to or faster than the duration of a burst, 
they are still contained in the burst-wise data. Several 
ways have been proposed to mitigate the impact of dye 
blinking. This includes chemical stabilization of the dyes 
by using, for example, an oxygen scavenging system or 
different classes of dyes [31, 33, 34]. Also, computational 
filters, such as ALEX-2CDE, were developed to differen-
tiate bursts containing fluctuations in their acceptor exci-
tation signals [38].

With photon-by-photon analysis quickly gaining popu-
larity in the field, a detailed investigation of the influence 
of dye blinking on analysis accuracy becomes critical. In 
the original publication on H2MM by Pirchi and cowork-
ers, for example, the authors demonstrated that accep-
tor blinking indeed influences the obtained exchange 
rate under experimental conditions that increased the 
acceptor blinking probability [39]. Similarly, Harris 
and coworkers showed that with alternating excitation 
smFRET data, dye blinking states can be captured and 
differentiated from FRET-informative states [11, 40–42]. 
Monitoring and dealing with dye blinking, in principle, 
requires preserving single photon resolution up to the 
point where kinetic modeling is carried out. However, in 
the common smFRET analysis methods such as bursts 
histogramming, BVA, binwise PDA and fFCS, this reso-
lution is lost by averaging the photons of part of or an 
entire burst. Recently, photon-by-photon analysis meth-
ods were put forward to preserve the time resolution 
of the data, ultimately only limiting the smFRET time 
resolution by the measurement instrumentation [43, 
44]. Specific to smFRET, in such methods the momen-
tary state of biomolecules is inferred as state-associated 
patterns of photons across the available detectors of the 
instrument. Ultimately, photon-by-photon methods aim 
to obtain a model that explains the observed photons 
given certain biomolecular states and dynamics. The 
Hidden Markov Model framework, for example, has been 
adapted and applied to single photon smFRET data by 
Pirchi and coworkers [8, 39]. The approach was termed 
H2MM and later extended by Harris and coworkers to an 
arbitrary number of photon streams, such as alternating 
excitation, polarization-, and lifetime-resolved data, and 
termed multiparameter H2MM (mpH2MM) [40, 45]. 
With the latter methods, the mean state-wise parameters, 
state connectivity, and exchange rates are determined by 
obtaining the average time spent in a particular state and 
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the corresponding state transition pathways. The most 
likely number of states can be determined using the ICL 
and BIC criteria within the framework of Hidden Mar-
kov models, where the optimal model assumes the lowest 
value [40].

In this study, we systematically evaluated the impact 
of dye blinking on mpH2MM. Using simulated alternat-
ing excitation smFRET data, we established that blinking 
dynamics biases the exchange rate between FRET states 
as resolved by mpH2MM. Next, we demonstrated a sim-
ple yet effective mpH2MM-based workflow for identify-
ing and excluding bursts affected by dye blinking from 
alternating excitation smFRET data. Finally, we applied 
our approach to simulated and experimental data of a 
dynamic DNA hairpin. We showed that removing blink-
ing contaminated bursts restored mpH2MM’s ability to 
accurately recover exchange rates, establishing mpH2

MM as an effective tool for smFRET analysis devoid of 
blinking-related artifacts.

Methods
Labeled dynamic DNA hairpin
The design for the dynamic DNA hairpin was adapted 
from Tsukanov et al. [46]. The DNA hairpin was com-
posed of two sequences, 5’-XGG ATT (AAA)11 TCC 
ATT TTC TTC ACA AAC CAG TCC AAA CTA 
TCA CAA ACT TA-3’ and 5’-(Biotin)-TTT TTA 
AGT TTG TGA TAG TTT GGA CTG GTT YGT GAA 
GAA-3’ with X and Y as ATTO 643-dT and Alexa-Fluor 
488-dT, respectively (Ella Biotech, Germany). The labeled 
oligonucleotides (1 µM  each) were annealed in TE buffer 
(10 mM Tris-HCl pH 8, 1 mM EDTA) containing 50 mM  
NaCl by heating the solution to 95◦C  for 5 minutes and 
then cooling to room temperature. The annealed DNA 
hairpins were stored at −20◦C .

Experimental smFRET measurements
Burst smFRET data was obtained with a home-built mul-
tiparameter, single-photon detection confocal micro-
scope operated in pulsed-interleaved excitation mode10 
with laser diodes at 483 and 635 nm (LDH-P-C-470, Pico-
quant and LDH-P-C-635B, Picoquant) pulsing at 26.67 
MHz (Picoquant PDL 828 “Sepia II” laser driver). The 
laser powers were adjusted to 100 and 50 µW for the 483 
and 633 nm lasers, respectively (measured between the 
excitation polychroic mirror and the objective lens, about 
80% of this power reached the sample). The 635-nm laser 
was delayed by 18 ns with respect to the 483-nm laser. 
Sample fluorescence was collected with a UPLSAPO-
60XW objective lens (Olympus), passed through a 75-µ
m pinhole, and split by spectrum using a dichroic mirror. 
Each spectral range was further split by polarization. The 
fluorescence signal was detected using four avalanche 
photodiodes (PD-100-CTE, MPD and SPCM-AQR, 

Perkin-Elmer for the 483 and 635-nm emissions, respec-
tively) and recorded with a time-correlated single-photon 
counting device (Becker&Hickl SPC-630). System align-
ment was carried out by measuring the molecular bright-
nesses of aqueous solutions of ATTO 488-COOH and 
ATTO 655-COOH. Brightnesses of > 90 kHz for ATTO 
488-COOH and > 70 kHz for ATTO 655-COOH were 
accepted. The DNA hairpin samples were diluted in STE 
buffer (10 mM Tris-HCl pH 8, 1 mM EDTA, 500 mM 
NaCl) to about 50 pM. The objective lens was focused 
about 100 µm into the measurement solution. smFRET 
data were recorded at room temperature (23 ◦C) for 30 
to 60 minutes.

smFRET data processing and burst search
Experimental, recorded in the Becker&Hickl.spc format, 
and simulated smFRET data were converted to the pho-
ton-HDF5 format using the phconvert [47] module.

First, the pulsed-interleaved excitation photon streams 
were defined using the corresponding nanotime ranges 
to yield DexDem, DexAem, and AexAem (D and A 
referring to the donor and acceptor spectral channels, 
respectively; the subscripts ex and em refer to the exci-
tation laser and the fluorescence emission; for example, 
DexAem is the detected acceptor signal upon excita-
tion of the donor). Further processing and burst search 
was performed by loading an experimental or simulated 
dataset into the FRETBursts [48, 49] module. First, the 
background count rate was estimated with a 30-second 
time window. An all-photon burst search was conducted 
with a sliding window containing 10 consecutive photons 
(m = 10) and an acceptance threshold of at least six times 
the background count rate. The resulting list of bursts 
now contains all events regardless of whether a burst 
only contained donor or acceptor signal. Next, the list of 
bursts was further filtered to exclude very short events as 
well as events that only contain donor or acceptor signal. 
this was achieved by requiring at least 60 photons in the 
DexDem and DexAem photon streams (using the .size 
selection method of FRETBursts with the add_naa flag 
set to False). This requirement ensured that a certain 
amount of FRET-relevant information is present in the 
retained datasets. To further remove bursts that predom-
inantly contained donor-only contributions, for example, 
due to incomplete labeling or bleaching, a minimum of 
40 photons was required in the AexAem photon stream 
(by using the .naa selection method of FRETBursts). 
The abscence of donor- and acceptor-only bursts was 
confirmed visually by checking that no bursts landed on 
the ES plot in the region of S 1 and E 0 (for donor-only 
bursts) and S 0 and E 0.5 (for acceptor-only bursts). No 
corrections were applied to the presented data. ALEX-
2CDE filtering was done by running the data addition-
ally through a filter function (the corresponding function 
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was taken from ​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​O​p​e​n​​S​M​​F​S​/​​F​R​E​​T​B​u​
r​​s​t​​s​/​b​​l​o​b​​/​m​a​s​​t​e​​r​/​n​​o​t​e​​b​o​o​k​​s​/​​E​x​a​​m​p​l​​e​%​2​0​​-​%​​2​0​2​C​D​E​%​2​0​
M​e​t​h​o​d​.​i​p​y​n​b). If not stated otherwise, an ALEX-2CDE 
time constant of 150 µs was chosen. Moderate filtering 
was done by accepting bursts with an ALEX-2CDE filter 
value > 80, more strict filtering was achieved by requir-
ing a valued > 100. Dual-color burst search (DCBS) [50] 
was performed with built-in functions of the FRETbursts 
module (following the FRETBursts tutorial, see) with a 
10 photons time window (m) and an acceptance thresh-
old of at least 7−times the background count rate (F). A 
total number of at least 80 photons in the DexDem and 
DexAem photon streams was required.

mpH2MM analysis and mpH2MM-cleaning of blinking 
dynamics
The list of burst events obtained from FRETbursts was 
passed to the burstH2MM module [40, 51] to perform 
mpH2MM analysis. The optimal number of states from 
an mpH2MM run was assessed by plotting the values of 
the ICL and BIC’ parameters, where with a given number 
of states, a minimum value or a value < 0.005, respec-
tively, was taken as evidence for the correctness of the 
corresponding number of states. The transition matrix 
of the best-fitting model from mpH2MM analysis was 
printed to assess and document the values for E and S 
of the identified states and the obtained transition rate 
between states. The results from mpH2MM analysis 
were visualized as state-wise plots using the burstH2MM 
module, which display the average E and S parameters 
of individual states, i.e. the time a molecule was identi-
fied by mpH2MM to be in a particular state, rather than 
burst-averaged parameters. The transition rates between 
states are visualized as arrows between the average E and 
S values for each state which are plotted as red dots.

To remove bursts that contain blinking states (i.e. to 
carry out mpH2MM cleaning), a mpH2MM was cho-
sen which exhibited a clear difference in stoichiometry 
between the supposed donor-only (with S ≈ 1), accep-
tor-only (S ≈ 0), and FRET-active states (S ≈ 0.5). After 
model fitting with the burstH2MM module, each burst 
gets assigned a trajectory of states which, given the opti-
mal number of states was correctly chosen, described the 
transition of the burst through different states. Each state 
is identified by a number. A custom-written function is 
used to search through the list of numbers in the mpH2

MM model and returns the indices of those bursts that 
were identified in the desired states. This is done in a way 
that allows specifying whether bursts should be selected 
that were only found in one particular states or in sev-
eral over the course of their burst duration. In order to 
remove blinking events, typically, the four-state model 
is used and the states are supplied to the custom written 
function that allow selecting bursts that were identified 

as having visited the low FRET, high FRET, as well as 
both low and high FRET in their burst duration. This 
effectively removes those bursts which were at any point 
found in a non-FRET-active state (judged by the stoi-
chiometry of the states). The resulting selection mask is 
used to discard bursts that contained blinking dynamics. 
A new FRETBursts object with the remaining bursts was 
created for subsequent visualization and analysis.

Simulation procedure of smFRET data with FRET and 
blinking dynamics
The simulation approach was adapted and expanded 
from existing Jupyter notebooks published by Har-
ris et al. (2022, see DOI: 10.5281/zenodo.4671392) [40, 
51]. The approach is first described, and then the exact 
parameters used to obtain the simulation files presented 
in this paper are given (see section Parameters for the 
Presented Simulations). The corresponding Jupyter note-
books are available in the supplementary materials.

The PyBromo [52] module was used to generate a par-
ticle diffusion trajectory in a simulation box with peri-
odic boundary conditions. The diffusion trajectory was 
subsequently used to generate simulated photon emis-
sions of the diffusing particles from a simulated point 
spread function that is supplied with the PyBromo mod-
ule. The PyBromo photon emission simulation procedure 
was adapted in order to achieve simulations of photon 
emissions according to the pulsed interleaved excitation 
(PIE) scheme. In order to achieve this, different photon 
emissions were simulated from the same particle diffu-
sion trajectory to yield photon emissions for each desired 
FRET states, donor-only, acceptor-only, and as back-
ground counts. First, the donor-excited photon streams 
(DexDem and DexAem) are simulated for each desired 
FRET state. The desired FRET value is defined together 
with the peak count rate that is desired for the simulated 
photon emissions. As detailed in the PyBromo documen-
tation, the peak count rate is defined as the total count 
rate over the donor-excited photon streams. Therefore, 
the specific count rate in the donor and acceptor chan-
nels depend on the specified FRET efficiency. Next, the 
acceptor-excited photon emissions (AexAem) are simu-
lated from the same particle trajectory by setting the 
FRET efficiency to 1, which effectively simulated another 
acceptor photon stream. At this stage, static simula-
tions of each desired FRET efficiency are generated by 
combining the donor-excited photon streams (DexDem 
and DexAem) and the acceptor-excited photon stream 
(AexAem). Since the DexAem and AexAem have the same 
detection channel, the photon streams are differentiated 
by assigning a unique value for these streams in the nano-
time array. Additionally, the identity of each particle is 
saved. This is needed to be able to generate a continuous 

https://github.com/OpenSMFS/FRETBursts/blob/master/notebooks/Example%20-%202CDE%20Method.ipynb
https://github.com/OpenSMFS/FRETBursts/blob/master/notebooks/Example%20-%202CDE%20Method.ipynb
https://github.com/OpenSMFS/FRETBursts/blob/master/notebooks/Example%20-%202CDE%20Method.ipynb
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sequence of visited FRET states in the subsequent simu-
lation step.

In the following step, dynamics switching between 
FRET states is simulated based on the different donor- 
and acceptor-excited photon streams with different FRET 
efficiencies from the same particle diffusion trajectory. 
The transition between FRET states is simulated as a 
Markov sequence individually for the simulated photon 
emissions of each particle. The transition matrix of the 
Markov sequence defined the allowed state conductivi-
ties. The resulting sequence solely encodes the sequence 
of FRET states. The time that each simulated particle 
spends in a particular state is then drawn from an expo-
nential distribution with the average set to the desired 
dwell time of the corresponding FRET state (for details 
on how the state dwell times can be converted to simu-
lated state exchange rates see Supplementary Note 1). 
The photon emissions for each simulated particle with 
different FRET efficiencies are then combined, meaning 
that the simulated photon records are stitched together 
based on the simulated sequence of states, for the simu-
lated (realized) dwell time of each state. This alternates 
the DexDem and DexAem emission patterns from the 
different desired FRET efficiencies and simulates instan-
taneous switching between discrete FRET states. Impor-
tantly, the FRET dynamics are simulated independently 
from blinking phenomena because those processes are 
considered here to be independent of each other.

In the final step, blinking dynamics were added on top 
of the dynamic simulations of FRET dynamics that were 
described in the previous paragraph. A Markov sequence 
was generated that describes the blinking sequence of 
state transitions for each simulated particle. To simulate 
blinking, the transition from each state to any other state 
was allowed, because we assume that donor and acceptor 
dye blinking to occur independently. In the same way as 
described in the previous paragraph, blinking dynamics 
are simulated by alternating between the photon emis-
sions of the dynamic FRET system (referred to as “FRET-
active states”), the donor-only emissions (generated by 
simulating photon emissions of each particle with a FRET 
efficiency of 0), and the acceptor-only emissions (already 
generated above with the AexAem photon stream). The 
exact dwell times of these states is given by defining the 
average dwell times and drawing from an exponential dis-
tribution. This simulation approach was chosen to elimi-
nate any potential variability caused by differences of the 
particle diffusion trajectory (all simulated photon emis-
sions are obtained from the same diffusion trajectory), 
it allows adding different blinking dynamics to the same 
simulation of a dynamic FRET system, and is less com-
putationally intensive because different photon emissions 
are dynamically combined rather than simulated again. 
Furthermore, no intensity-dependent photophysical 

effects of the simulated dye emissions were considered in 
the simulation of dye blinking dynamics.

Parameters for the presented simulations
The PIE smFRET simulations used in the publication 
were generated from a Pybromo particle simulation with 
a simulation time step of 0.5 µs and a total simulation 
time of 500 s. A number of 15 particles were simulated 
with a diffusion coefficient of 10 µm2/s in a simulation 
box with a size of 6µm × 6µm × 8µm. The numeral 
point spread function provided with Pybromo was used 
for simulating photon emissions. The resulting par-
ticle trajectory file generated photon emissions with a 
peak count rate of 350 kHz, an acceptor count rate of 
350 kHz, and donor and acceptor channel background 
count rates of 1.5 kHz, respectively. Simulations with 
FRET states ELF = 0.3 and EHF = 0.5 were generated 
and combined into PIE files, as described in the previ-
ous section. A dynamic simulation with a mean dwell 
time of tLF = 2.5 ms and tHF = 1 ms was created 
(dwell time can be converted to an exchange rate with 
ki = (ti)−1; kLF →HF = 400 s−1, kHF →LF = 1000s−1 , 
see Supplementary Note 1). Blinking dynamics of differ-
ent timescales were added to the smFRET simulation by 
performing a second round of dynamic exchange simu-
lations between the dynamic simulation file, the donor-
only emission file, and the acceptor-only emission file. 
The time in which the dynamic FRET simulation was 
active was defined as the dwell time of the FRET-active 
state. Additionally, the dwell times of the donor- and 
acceptor-only states were varied as such that the FRET-
active state was always the longest state in a given simula-
tion. The exact simulation parameters are listed in Suppl. 
Table 1.

Description of the computational environment
Data processing and computations were performed using 
the Python programming language (version 3.12.3) in a 
conda virtual environment with Numpy 1.26.4 [53, 54], 
matplotlib 3.9.2 [55], Numba 0.59.1 [56] in Jupyter com-
putational notebooks [57, 58]. Data simulations were 
performed with Pybromo 0.8.1 [52] and saved as pho-
ton-HDF5 using the phconvert module [47]. Data analy-
sis was performed with FRETBursts 0.8.3 [48, 49] and 
burstH2MM 0.1.7 [40, 51].

Results
mpH2MM resolves short-lived dye states in seemingly 
clean data
Fluorescence data from free diffusion, confocal sin-
gle-molecule FRET (smFRET) recordings include dif-
ferent types of burst events. Ideally, all burst events 
originate from molecules labeled with emissive ‘FRET-
active’ donor and acceptor dyes reporting on the 
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structural state of the molecule of interest. Oftentimes, 
burst events stem from molecules with only one type 
of dye due to an incomplete labeling reaction or due to 
photobleaching. A commonly used way to detect non-
FRET-active molecules is alternating donor and accep-
tor excitation, e.g. PIE, and displaying the raw data in the 
so-called E − S plot. In this 2D histogram, the distribu-
tion of burst-averaged FRET efficiency (E) and stoichi-
ometry (S) parameters is displayed. While E is a measure 
for the donor-acceptor distance, S reports on the relative 
brightness of the donor and acceptor dyes. Assuming 
equal brightnesses of the donor and acceptor, a molecule 
labeled with a single donor and acceptor dye will display 
a stoichiometry of 0.5, whereas a donor- or acceptor-only 

carrying molecule will assume values for S equal to 1 and 
0, respectively.

To illustrate the E − S plot, we carried out PIE-
smFRET measurements of a pM solution of a dynamic 
DNA hairpin molecule. The equilibrium between the 
open, low FRET, and closed, high FRET states can be 
modulated with the concentration of NaCl [46]. We 
performed a burst search and calculated the burstwise 
E and S parameters. No corrections were applied to any 
of the shown data. The burst-averaged E − S histogram 
of unfiltered data displayed four populations: a donor-
only population (with E ≈ 0 and S ≈ 1), an acceptor-
only population (with S ≈ 0 and broad distribution in 
E), and two FRET states (with S ≈ 0.5, E1 ≈ 0.15 and 
E2 ≈ 0.65) (Fig. 1A). Next, we removed the alleged 

Fig. 1  smFRET data of a FRET-labeled dynamics DNA hairpin at 500 mM NaCl. A Burst-based E − S plot of the data before and (B) after filtering for FRET-
active bursts. C Dwell-based E − S plot obtained after mpH2MM analysis of the bursts shown in B. The ICL and BIC’ plots indicate the optimal number of 
states. D and E Exemplary burst traces from the data shown in B. D shows an ideal event exclusively observed transitioning between FRET states, whereas 
(E) shows transitions between FRET-active and donor-only states
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donor- and acceptor-only bursts by requiring per burst at 
least 60 FRET photons (in the DexDem or DexAem PIE 
channels) and 40 photons emitted by the acceptor upon 
acceptor excitation (AexAem). The retained bursts dis-
play a single population in S with a value close to 0.5 and 
a broad distribution in E, indicating that the DNA hairpin 
was captured in several structural states (Fig. 1B).

We submitted the smFRET data from Fig. 1B to mpH2

MM analysis to determine the most likely number of 
states and their connectivity and to quantify the state 
exchange kinetics. The best-fitting number of visited 
states of the mpH2MM fit was determined by consult-
ing the ICL and BIC’ plots, which take the model likeli-
hood and number of parameters into account and allow 
choosing the optimal number of states present in the 
dataset. The mpH2MM results indicated that four states 
optimally describe the data. We visualized the results as a 
dwell-based E − S plot (Fig. 1C), which shows the E and 
S parameters of the duration that a burst was found in a 
particular state rather than the averaged E and S param-
eters of the whole burst (compared to Fig. 1A and B). We 
found two states with E1 ≈ 0.15 and E2 ≈ 0.7, both with 
an S ≈ 0.5, which we interpreted as FRET-active states of 
the open and closed conformation of the DNA hairpin, 
respectively. The four-state mpH2MM result reported 
state exchange rates of 350 s−1 (kLF →HF ) from low 
to high and 650 s−1 from the high to low FRET-active 
states (kHF →LF ). Two more states were resolved in the 
dwell-based E − S plot with S values close to 1 and 0, 
which are clear signatures for donor-only and acceptor-
only states, respectively. We interpreted these as states 
where the donor and acceptor dyes underwent transi-
tions between FRET-active states and blinking states. 
The exchange rates obtained from the mpH2MM result 
mostly returned rates of several hundred times per sec-
ond for transitions to and from dye blinking states (Fig. 
1C). We were interested in these short visits to blinking 
states in a burst duration from a seemingly blinking-free 
E − S plot. We plotted the state trajectory obtained from 
the four-state mpH2MM model (blue lines in Fig. 1D 
and E) with the individual PIE photon streams of exem-
plary bursts (green, red, and purple dots in Fig. 1D and 
E). In this way, we could closely examine the underlying 
raw photon data of bursts that were exclusively found in 
FRET-active states, by which we refer to bursts with an 
S close to 0.5 and thus exclusively informative on FRET 
states (Fig. 1D), as well as bursts containing temporary 
visits to donor- and/or acceptor-only states with corre-
sponding fluctuations in S (Fig. 1E). Transitions between 
FRET-active states were evident in the state trajectories 
as a switch of the ratio between donor and acceptor pho-
tons upon donor excitation (see DexDem and DexAem 
photon streams in Fig. 1D). However, the photon streams 
of many bursts also contained changes in the number 

of photons of the acceptor upon acceptor excitation 
(AexAem). In the example shown in Fig. 1E, this indicates 
that the acceptor dye temporarily stopped emitting fluo-
rescence (marked as “donor-only” in Fig. 1E), which goes 
along with a corresponding drop in the calculated value 
for E to 0 and S to 1 during that off-time of the accep-
tor dye. During the off-time period, no changes in E can 
be detected, and therefore, no information on biomo-
lecular dynamics can be obtained. The following section 
of the example burst trace in Fig. 1E is a low FRET state, 
followed again by a donor-only state. However, in this 
example burst, it is not clear whether the time in which 
mpH2MM identified the DNA hairpin to be in the low 
FRET state is correct or if the observation time in which 
the molecule was in the low FRET state was interrupted 
by the blinking of the acceptor dye.

We explored other burst filtering approaches to remove 
bursts containing blinking and reanalyzed the same 
DNA hairpin dataset. We applied the ALEX-2CDE fil-
ter, an algorithm that allows differentiating between 
bursts that underwent fluctuations in S by calculating 
a filter value for each photon in a burst with a specified 
time window constant [38]. We submitted moderately 
and strictly ALEX-2CDE-filtered burst to mpH2MM 
analysis. Again, many donor- and acceptor-only states 
were found by mpH2MM (Figs. A1 and A2). As another 
approach to suppress to potentially decrease the pro-
portion of bursts containing blinking dynamics, we 
performed DCBS on the DNA hairpin dataset in con-
trast to the all-photon burst search in the other analy-
sis attempts. DCBS requires the presence of sufficient 
signal in both the donor and acceptor channels within 
a short time window to accept a burst event. DCBS can 
effectively remove bursts that exclusively display donor 
or acceptor signals due to photobleaching or incom-
plete labeling. Also, with DCBS-filtered data, donor- and 
acceptor-blinking states were still found by mpH2MM 
analysis (Fig. A3). We compared the four-state mpH2MM 
results of the photon-count thresholded bursts, the two 
ALEX-2CDE filters (moderate and strict filtering), and 
the DCBS-filtered bursts with regards to the proportion 
of bursts that were exclusively found in a FRET-active 
state (“F”) or if a donor and/or acceptor blinking state 
was identified in the burst duration (Fig. A4A, “F-D” and 
“F-A” as combination of FRET-active and donor-only or 
acceptor-only states, respectively, or “F-D-A” as bursts 
with FRET-active, donor-only, and acceptor-only states). 
Compared to simple photon count thresholding, which 
had 22% of bursts exclusively in FRET-active states, 
ALEX-2CDE and DCBS increased the relative amount 
of bursts that exclusively contained FRET-active states, 
with strict ALEX-2CDE filtering being the most effective 
with about 40% of FRET-active bursts. However, the total 
number of bursts after moderate and strict ALEX-2CDE 
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filtering and DCBS was reduced compared to APBS by 
about 27%, 69%, and 33%, respectively. As a result, strict 
ALEX-2CDE filtering retained about 310 bursts that were 
exclusively identified in a FRET-active state. In compari-
son, photon-count thresholded data contained a total 
number of about 550 bursts exclusively in a FRET-active 
state (Fig. A4A).

Taken together, a detailed analysis of our experimen-
tal smFRET burst data from a dynamic DNA hairpin 
with mpH2MM indicated the presence of short-lived, 
FRET-independent fluctuations of the donor and accep-
tor brightnesses. Filtering the data with state-of-the-art 
methods did not allow us to remove these erroneous 
bursts. We wondered if these fluctuations potentially 
interfere with analysis methods that aim at quantifying 
FRET dynamics experienced by the studied biomolecule.

mpH2MM-guided removal of short-lived blinking states 
from filtered smFRET bursts
We assessed whether the presence of bursts with blink-
ing dynamics would bias quantitative mpH2MM analy-
sis. Because in experimental samples the true kinetic and 
structural model is unknown, we turned to simulated 
smFRET data. We confirmed that mpH2MM could cor-
rectly report simulated exchange rates from idealized 
simulations without blinking dynamics (Fig. A5). To explore 
the influence of dye blinking dynamics, we simulated parti-
cles that dynamically interconvert between two FRET states 
(ELF = 0.3, EHF = 0.5) with rates of kLF →HF = 400 s−1 
and kHF →kLF = 1.000 s−1 (dwell times tLF = 2.5 ms 
and tHF = 1 ms). Next, we added dye blinking dynam-
ics to the two-state simulation, which was simulated to 
occur independently of FRET dynamics. We simulated 
blinking on a timescale similar to the FRET dynamics 
with a mean (drawn from a Markov process) donor-only 
dwell time of 0.5 ms, mean acceptor-only dwell time of 
1 ms, and a mean FRET-active dwell time of 3 ms, which is 
the average time in which donor and acceptor are emissive 
(kF RET −active→D−only = kF RET −active→A−only = 166 s−1, 
kD−only→F RET −active = kD−only→A−only = 1000 s−1, 
kA−only→F RET −active = kA−only→D−only = 500 s−1).

We analyzed the simulations with mpH2MM. The ICL 
and BIC’ plots correctly indicated four states as the best-
fitting model for the simulated data (Fig. 2A). However, 
we found that the state exchange rate constants returned 
by mpH2MM between FRET states in the presence of 
blinking were about one-third lower than what we simu-
lated, with kLF →HF = 216 s−1 and kHF →LF = 723 s−1. 
Additionally, we found that the burst E and S histograms 
appeared to shift towards lower values in the simulation 
with blinking dynamics compared to the simulation with-
out blinking (Figs. 2B and A6).

Fig. 2  Simulated smFRET data with blinking dynamics. A Dwell ES 
plot of the mpH2MM result of a molecule dynamically exchang-
ing between ELF = 0.3 and EHF = 0.5 with an exchange rate of 
kLF →HF = 300 s−1 and kHF →LF = 1000 s−1 and blinking dy-
namics with dwell times of the FRET-active state of 3 ms, the donor-only 
states of 0.5 ms and the acceptor-only states of 1 ms. B Burst FRET ef-
ficiency histograms of the simulated smFRET data with blinking dynam-
ics (blue) after mpH2MM-cleaning (orange), and the simulation without 
adding dye blinking dynamics (green). C Dwell-based E − S plot of the 
mpH2MM result of the mpH2MM-cleaned dataset shown in A. The arrows 
in A and C indicate the state exchange rates in s−1
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Since mpH2MM returns the most likely transition 
pathway between states for each burst, we wondered 
whether blinking-induced biases could be mitigated by 
simply removing bursts that were ever found in blinking-
related states. From the four-state mpH2MM result, we 
created a selection mask that excluded burst events that 
were ever identified as having visited blinking states as 
indicated by changes to states with a non-0.5 stoichi-
ometry. The selection mask retained bursts found in 
ELF , EHF , or both in ELF  and EHF . We applied this 
approach to the simulated smFRET data with blinking 
dynamics, which removed about 80% of burst events (273 
of 1495 bursts left). We first compared the distribution 
of bursts on the E − S plot of the simulated data with-
out and with blinking dynamics to the bursts filtered 
for FRET-active states (heron referred to as ‘mpH2MM-
cleaned’). The burstwise E plot from mpH2MM-cleaned 
bursts better agreed with the burstwise distribution of 
the simulation before adding dye blinking dynamics (Fig. 
2B, orange and green graphs, respectively). We analyzed 
the remaining bursts after mpH2MM cleaning by resub-
mitting them to mpH2MM analysis. The mpH2MM-
cleaned data was best described by a two-state model, as 
indicated by the BIC’ plot, whereas the ICL plot assumed 
its lowest value for a one-state model. We plotted the 
two-state model and found results close to simulated 
E states (ELF = 0.31, EHF = 0.49) and the simulated 
rates between the FRET-active states were returned 
(kLF →HF = 303 s−1, kHF →LF = 995 s−1; Fig. 2C). 
Additionally, we plotted the three- and four-state models 
of the mpH2MM run with the cleaned dataset and found 
no states that would correspond to donor or acceptor 
blinking states (Fig. A7A and B).

Because we observed that mpH2MM returned a too-
slow exchange rate in the presence of dye blinking dynam-
ics from a simulated dataset with known parameters, 
we more systematically assessed the influence of blink-
ing on mpH2MM analysis. We used the same two-state 
smFRET simulation as before (ELF = 0.3, EHF = 0.5, 
kLF →HF = 400 s−1,kHF →kLF = 1.000 s−1). We added 
different degrees of blinking dynamics by varying the 
dwell times of the FRET-active state, which is the average 
time in which both donor and acceptor dyes are emis-
sive and the donor-only and acceptor-only dwell times. 
As before, we analyzed the simulations with mpH2MM, 
which returned a four-state model with two FRET-active, 
donor-only, and acceptor-only states (Suppl. Table 1). 
We plotted the obtained exchange rates between FRET 
states as a function of one of the simulated parameters, 
the FRET-active dwell time, i.e. the mean time molecules 
dwell in any FRET-active state after or before convert-
ing from or to either D- or A-only states. We found that 
the FRET state exchange rates reported by mpH2MM 
were slower than the simulated rates with FRET-active 

dwell times shorter than 5 ms (the average burst dura-
tion in the simulations was about 2 ms). Both the mpH2

MM-recovered kLF →HF  and kHF →LF  proportionally 
decreased to rates close to zero with the shortest FRET-
active dwell time (Fig. 3A).

We applied our mpH2MM-cleaning approach to the 
collection of simulated datasets with systematically var-
ied blinking dynamics. We first noticed that the number 
of bursts that were retained after selecting bursts that 
were exclusively in FRET-active states was decreasing 
with more severe blinking dynamics. With FRET-active 
dwell times shorter than 1 ms, almost no bursts were 
left after mpH2MM-cleaning. Those simulations were 
excluded from subsequent analysis (Fig. 3C). We reana-
lyzed the mpH2MM-cleaned datasets. The ICL and BIC’ 
plots mostly indicated a two-state model as optimum. 
The E and S parameters for the two FRET states were 
close to the simulated values for all simulations (Suppl. 
Table 1). We plotted the obtained exchange rates against 
the simulated FRET-active dwell time. We found that 
the values obtained after mpH2MM-cleaning matched 
the simulated values more closely over a larger range of 
FRET-active dwell times (Fig. 3B, see horizontal orange 
and blue as simulated exchange rates).

mpH2MM-cleaning of DNA hairpin smFRET data
We applied our proposed mpH2MM-based filter-
ing approach to the experimental smFRET data of a 
dynamic DNA hairpin (Fig. 1B and C). As demonstrated 
in the previous section, we used the four-state mpH2MM 
model to remove those bursts from the dataset that were 
ever found to have visited a dye blinking state and effec-
tively only retained bursts that were exclusively observed 
with emissive donor and acceptor dyes. The mpH2MM-
cleaning removed about 80% of the original burst events 
(553 of 2518 bursts left). As we observed with the sim-
ulated data, the burstwise histogram shifted towards 
higher values after mpH2MM-cleaning. Furthermore, 
the population of low and high FRET bursts appeared 
equally populated, whereas more low FRET bursts were 
evident in the plot before mpH2MM cleaning (Fig. 4A). 
We submitted the mpH2MM-cleaned dataset to another 
round of mpH2MM analysis. The ICL and BIC’ plots 
indicated an optimal number of two E states of approxi-
mately 0.1 and 0.8 and stoichiometry close to 0.5, indi-
cating that both states correspond to FRET-active states. 
No states were found that corresponded to dye blink-
ing states. The exchange rates obtained from mpH2MM 
analysis of the cleaned dataset were kLF →HF = 470 s−1 
and kHF →LF = 488 s−1 (compared to 361 s−1 and 
648 s−1, respectively, before mpH2MM-cleaning) 
(Fig. 4B). To demonstrate the behavior of mpH2MM-
cleaning with other experimental dataset, we applied 
the approach to the DNA hairpin with a concentration 
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of NaCl of 300 mM  which causes the DNA hairpin to 
occupy the high FRET states less due to less shielding 
of the backbone charges of molecule [46] (see Fig. A9). 
We also applied the approach to a mixture mixture of 
FRET-labeled DNA molecules to showcase how mpH2

MM-cleaning works with a static mixture of molecules 
(see Fig. A10). Also with the additional datasets, mpH2

MM identified blinking states that led to removing 82% 
and 67% of burst, for the DNA hairpin with 300 mM  of 
NaCl and the mixture of static DNA molecules, respec-
tively. For the DNA hairpin with 300 mM  NaCl com-
pared to the data with 500 mM  NaCl, the exchange rates 

Fig. 4  Application of the mpH2MM-cleaning approach to experimental 
data of a dynamic DNA hairpin with 500 mM  NaCl. A Burstwise FRET 
efficiency plot of the dynamic DNA hairpin data before (blue) and after 
(orange) applying mpH2MM-cleaning. B Dwell ES plot of the mpH2MM 
results from the mpH2MM-cleaned dataset. The arrows display the ob-
tained transition rates between states. The ICL and BIC’ plots below indi-
cate the optimal number of states explaining the data

 

Fig. 3  Simulated smFRET data shows the influence of increased dye blink-
ing and the ability of mpH2MM-cleaning to reduce blinking-induced bias-
es. A and B show the recovered exchange rate between ELF  and EHF  
as a function of the dwell time of the FRET-active state before and after 
mpH2MM-cleaning, respectively. The blue and orange lines indicate the 
simulated exchange rates between FRET states. C The remaining percent-
age of bursts after applying mpH2MM cleaning to the data shown in A as 
a function of the FRET-active dwell time
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between the high and low FRET states increased from 
about 500 s−1 to about 1000 s−1, whereas the rate from 
the low to the high FRET state decreased from about 
500 s−1 to about 250 s−1. These changes of the exchange 
rates explain the observation that the low FRET state 
appears more populated with 300 mM  NaCl compared 
to 500 mM  (see Figs. 4 and A9).

Discussion
In this study, we systematically assessed the influ-
ence of dye blinking dynamics on quantitative analy-
sis of smFRET burst data. We demonstrated that burst 
smFRET data contain short-lived dye-related artifacts 
even after additional processing with filtering methods 
such as ALEX-2CDE [38] or DCBS [50]. Using simula-
tions, we demonstrated that blinking dynamics distort 
burst-averaged E − S histograms and systematically 
cause mpH2MM to underestimate the exchange rates 
between FRET states depending on the severity of dye 
blinking (Figs. 2A and 3A). We then proposed an mpH2

MM-guided approach to remove bursts that contain dye 
blinking, which considerably increased smFRET data 
quality, albeit at cost of a proportional loss of bursts (Fig. 
3C).

We showed with simulated data that blinking dynam-
ics systematically affect the FRET state exchange rates 
returned by mpH2MM, even if blinking states are cor-
rectly accounted for in the model. In the presence of dye 
blinking on a timescale similar to the FRET dynamics, the 
exchange rates between FRET states reported by mpH2

MM were too slow (Fig. 3A). We also observed a shift of 
the burst-averaged E and S histograms, which results in 
obtaining too low values for these parameters (Figs. 2C 
and A6). Such effects have been described previously and 
depend on the occupancy of the fluorescent dyes in non-
emissive triplet states, which vary depending on buffer 
composition, excitation intensity, and dye pair [33, 59, 
60]. This again demonstrates that treating dye blinking 
is not only critical for the analysis of dynamics but also 
important when deriving distances from E histograms. 
Interestingly, we found here with our simulations that 
included blinking dynamics that the average values for E 
obtained from regular mpH2MM analyses are unaffected 
by the blinking dynamics (Fig. A8). This demonstrates 
the effectiveness of photon-by-photon analysis over burst 
histogram-based analysis approaches where the presence 
of blinking dynamics did introduce a considerable shift of 
the histogram (see Figs. 2B and A6).

We proposed an mpH2MM-guided burst cleaning 
approach that works by retaining only those bursts that 
were never found to visit a blinking state in their burst 
duration. This is possible because mpH2MM obtains 
the state trajectory of each burst, which is then used to 
remove bursts that visited a donor- or acceptor-blinking 

state. We characterized the effects of removing blink-
ing-affected bursts with simulated data. We found that 
the number of bursts that were removed depended on 
the severity of blinking dynamics (Fig. 3C). The bias of 
exchange rates between FRET states was mitigated by 
mpH2MM-guided removal of blinking-affected bursts 
(Fig. 3B). Because mpH2MM works on the level of pho-
ton-by-photon traces of individual burst events, it can 
detect blinking states much shorter than burst duration. 
The observation that mpH2MM returns too slow FRET 
state exchange rates in the presence of severe blinking 
dynamics is likely attributed to the fact that fast blink-
ing prematurely terminates FRET-active states. With 
fast blinking dynamics, the probability of observing a 
molecule transitioning from a FRET to a blinking state 
is higher than transitioning to another FRET state (see 
Supplementary Note 2). The mpH2MM-guided clean-
ing approach may be further improved by consider-
ing the state trajectory that is returned by mpH2MM 
analysis. Instead of discarding an entire burst that was 
ever found in a blinking state, more burst data can pos-
sibly be retained by only removing those parts of a burst 
that were pre- or succeeded by a blinking state. In future 
developments of the method, the mpH2MM-cleaning 
approach could thus take the state trajectory into account 
to retain more data.

From our experimental smFRET data of a dynamic 
DNA hairpin labeled with state-of-the-art fluorescent 
dyes, Alexa Fluor 488 and ATTO 643, about 80% of 
bursts had to be removed because they contained short-
lived blinking states (Figs. 1E and 4A). We also attempted 
to remove blinking-affected burst events using different 
filtering techniques, such as ALEX-2CDE [38] or DCBS 
[50] (Figs. A1 and A2). While we found that these meth-
ods increase the relative number of bursts that exclusively 
contain FRET dynamics (Fig. A4A), there is an overpro-
portional loss of burst events and, thus, a loss of data 
that contained FRET-relevant information. With the pre-
sented DNA hairpin data, the photon-thresholded bursts 
contained 22% of bursts exclusively identified in FRET 
states (553 of 2518 bursts). In comparison, strict filtering 
with the ALEX-2CDE approach increased the proportion 
to over 40% (Fig. A4A). Strict ALEX-2CDE only retained 
a total of about 300 bursts solely in FRET-active states, 
while the mpH2MM data analysis without additional 
ALEX-2CDE filtering identified 550 FRET-active bursts. 
Although the proportion of FRET-relevant bursts was 
clearly improved, a significant number of bursts was lost 
that contained information on FRET-relevant transitions. 
The mpH2MM result also allowed us to visualize the 
position of bursts on the E − S plot depending on how 
much time they were found to spend in a blinking state 
as a fraction of the respective burst duration (Fig. A4B). 
Deviations of a burst in the S histogram indicate that 
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blinking is likely contained in the burst photon traces. 
However, the gradual distribution of the time a burst was 
found in blinking states shows the difficulty of getting rid 
of blinking dynamics on the level of the E − S plot, for 
example, by thresholding data in S. We explored this phe-
nomenon further with the simulated dataset from Fig. 2 
with known blinking dynamics (FRET-active dwell time 
of 3 ms, donor-only dwell time of 0.5 ms and an acceptor-
only dwell time of 1 ms). Given this blinking regime, we 
found that the proportion of bursts with only FRET-rele-
vant information (F) is much reduced. Also, under these 
conditions, the effectiveness of ALEX-2CDE and DCBS 
with regard to increasing the content of F bursts appears 
impeded (see Fig. A11). However, with a less severe blink-
ing regime of the same simulated FRET system (FRET-
active dwell time of 15 ms, donor-only and acceptor-only 
dwell times of 5 ms), ALEX-2CDE- and DCBS-based 
filtering behave similarly to what we have observed with 
actual experimental data (see Fig. A12). This shows the 
complexity of how the timescale of the blinking dynam-
ics interacts with the burst duration. Given sufficiently 
fast blinking dynamics (as shown in Figs. 2 and A11), the 
ability of any method to retain bursts with only FRET-
relevant information is simply limited by the fact that all 
bursts contain blinking states (see Supplementary Note 
2). This is also demonstrated by the fact that the loss of 
bursts events after mpH2MM-cleaning is correlated with 
the severity of blinking (see Fig. 3C).

Our results demonstrate the need to consider dye 
blinking in smFRET data analysis and to investigate if 
data is significantly affected by blinking. Typically, this 
is done by analyzing the data with fluorescence correla-
tion methods (FCS) and fitting to a model that takes 
photophysics-induced fluctuations into account [61, 
62]. However, it can be difficult to differentiate between 
FRET- and dye-associated fluctuations. This is compara-
bly simple with mpH2MM by taking the S of the identified 
states into account. Furthermore, we want to emphasize 
that approaches to reduce blinking dynamics are worth 
exploring to improve smFRET data quality and mini-
mize the need for computationally correcting the data. 
The usage of oxygen-quenching systems, for example, has 
been shown to reduce blinking dynamics in smFRET data 
[31, 34]. However, if optimization efforts did not alleviate 
the impact of dye blinking in a particular experimental 
context, mpH2MM-cleaning may be useful as a computa-
tional way to remove the influence of blinking dynamics. 
We thus consider mpH2MM-cleaning as a valuable tool 
for removing blinking-affected bursts and as a computa-
tional way to improve the quality of burst smFRET data. 
Removing states from burst datasets, which can certainly 
be assigned as a donor or acceptor blinking state, simpli-
fies the analysis of underlying data and allows using mod-
els that do not need to take photophysical phenomena, 

such as dye blinking, explicitly into account. Furthermore, 
the mpH2MM-based removal of blinking states may be 
useful in combination with other quantitative analysis 
methods. Recent work by Terterov et al. (2024) [63] intro-
duced a model-free approach that derives FRET efficiency 
correlation functions from photon-by-photon traces, 
independent of assumptions about discrete states. Such 
a model-free approach may be particularly useful when 
analyzing molecules that exhibit a distribution of confor-
mations rather than discrete FRET states, such as intrin-
sically disordered proteins [64]. In contrast, mpH2MM 
assumes a fixed number of discrete states, which requires 
careful model selection [40]. Future work could explore 
the combination of mpH2MM-guided burst cleaning 
with, for example, model-free correlation approaches to 
better disentangle photophysical effects from true confor-
mational dynamics in burst smFRET data.

Conclusion
We demonstrated here that short-lived dye blinking 
states persist in standard-practice filtered burst smFRET 
data, biasing both the E − S plot distribution and quan-
titative analyses by, for example, mpH2MM. We pre-
sented an mpH2MM-based burst filtering approach 
that removes blinking-contaminated bursts, allowing 
us to accurately recover kinetic information from burst 
smFRET data. While our method reduces the number of 
bursts proportionally to the severity of blinking dynam-
ics, mpH2MM-cleaning retains high-quality data, allow-
ing us to accurately determine dynamic transition rates. 
Our method complements experimental strategies for 
reducing the impact of dye blinking on smFRET data 
quality. It seamlessly integrates into existing mpH2MM 
workflows, providing a straightforward computational 
solution to mitigate blinking-induced biases.
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