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Single particle fluorescence imaging of
perovskite nanocrystal crystallization for
illustrating coupled nucleation-and-growth

Lige Liu 1,2,11, DashanDong 1,2,3,11, Zhiwei Long4,8,WanxueWei1,2, ChangSun1,9,
Wei Liu1,10, Xiaoshuai Huang 5, Liangyi Chen 6, Haizheng Zhong 4 &
Kebin Shi 1,2,7

Because of the lack of spatiotemporal characterization techniques, it has been
of great challenge to investigate the crystallization of nanocrystals. With a
high-speed structured illumination super-resolution fluorescence microscopy
(SIM), we hereby report an in situ fluorescence imaging technique to monitor
the crystallization of perovskite nanocrystals at single-particle level. By cor-
relating the fluorescence intensity with particle size, we illustrate the coupled
nucleation-and-growth of perovskite nanocrystals in polymer matrix. The
temporal fluorescence intensity analysis of individual nanocrystals reveals the
diffusion-controlled growth process with a fast growth at the beginning fol-
lowed by a slow growth. The analysis of ensemble nanocrystals illustrates the
evolution of nucleation rate with the change of precursor concentrations. We
further analyze the Gibbs free energy fluctuation of couple nucleation-and-
growth. The growth free energy dominates in the continuous nucleation of
perovskite nanocrystals, which accounts for the narrow size distribution. In
comparison with LaMer model, the coupled nucleation-and-growth provides
an alternative model to fabricate narrow sized nanocrystals.

Since the discovery of the quantum dots (also known as semi-
conductor nanocrystals), size-dependence is a fundamental feature in
determining their physical properties which strongly affects the sub-
sequent processing capability and performance in different
applications1,2. Size control, including size and size distribution, has
been one of the most considerable targets in nanocrystal synthesis3–5.
After yearsof efforts, it has been known thatnanocrystal crystallization
usually experiences nucleation and growth processes6,7. The key

challenge is how to control the nucleation and growth. Based on the
size-focusing effects in LaMer and Sugimoto models, the time
separation of nucleation and growth is an effective strategy to syn-
thesize size-tunable nanocrystals with narrow size distribution8–11. The
narrow size distribution of nanocrystals can be explained to the size-
dependent growth rate following by a burst nucleation12–14. Very
recently, it was found that narrow size distribution could also be
achieved from a continuous nucleation process with coupled
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nucleation and growth15,16. Therefore, separated nucleation-and-
growth is not necessary to achieve narrow size distribution. This
conflict inspires the experimental and theoretical studyof the coupling
between nucleation and growth in continuous nucleation process.

Perovskite nanocrystals are emerging as functional materials with
promising future in the applications of lighting display, scintillator and
quantum light source due to their superior optical properties and easy
in situ fabrication17–21. Considering that halide perovskites are ionic
compounds, the formation of perovskite nanocrystal is usually
achieved via a rapid crystallization process within a few seconds to
minutes, which includes coupled nucleation-and-growth22,23. Super-
resolution fluorescence microscopy is a powerful tool to obtain
fluorescence images with high spatial and temporal resolution24,25,
which is able to monitor the perovskite crystallization process at
single-particle level. Compared with techniques of liquid-phase trans-
mission electron microscope (LP-TEM) and synchrotron X-ray scat-
tering measurements, which are two important techniques for in situ
characterizing the crystallization of nanocrystals26,27, optical imaging is
a lab affordable technique to bridge the large-scale equipment and lab
characterization.

In this work, by applying super-resolution structured illumi-
nation microscopy (SIM) technique, we show that the crystal-
lization of perovskite nanocrystal in polymeric matrix can be
in situ characterized at single-particle level. The results reveal the
coupling between nucleation and growth with the simulation of
kinetics and thermodynamics. Individual perovskite nanocrystals
show the feature of diffusion-controlled growth, while the ana-
lysis of ensemble nanocrystals illustrate the evolution of nuclea-
tion rate. Thermodynamic simulations reveals that the free
energy fluctuation of growth is dominated in the crystallization of
perovskite nanocrystals.

Results and discussion
Single particle fluorescence imaging of perovskite nanocrystal
crystallization
Figure 1a schematically shows the in situ experimental measurements
of the crystallization of perovskite nanocrystals in polymeric matrix. A
solution of perovskite precursors and poly-vinylidene difluoride
(PVDF) in N, N-dimethyl formamide (DMF) was prepared and dropped
onto thepre-cleanedglass substrate28.With the evaporation of solvent,
a thin film of perovskite nanocrystals (FAPbBr3, FA =HC(NH2)2) in
polymer matrix was created with droplet shrinkage (Supplementary
Movie 1). The fluorescence intensity in a given frame wasmeasured by
integrating the camera counts over the fluorescence emitters (Sup-
plementary Note 1). The spatial distributions of fluorescence intensity
of perovskite nanocrystals at single-particle level can be recorded on
two-dimensional plane (Supplementary Movie 2). By time-lapse fluor-
escence imaging, the crystallization of perovskite nanocrystals can be
recorded to study the nucleation and growth processes.

Figure 1b presents the high spatial resolution SIM image of per-
ovskite nanocrystals. Single nanocrystal can be resolved from the
acquired SIM imageby tracking thefluorescence intensity of individual
particles. We also observed fluorescent blinking of these nanocrystals
with time-dependent fluorescence intensity (Supplementary Figs. 4, 5
and Movie 3). The fluorescence blinking hardly changes the overall
growth time of an individual nanocrystal. The individual existence of
perovskite nanocrystals in polymeric matrix was also confirmed by
high-resolution TEM observation (Supplementary Fig. 6). Figure 1c
shows a typical time-lapse trace of fluorescence intensity (normalized)
of an individual perovskite nanocrystal. The fluorescence intensity
curves of individual nanocrystals exhibit “T”-shaped curves. Figure 1d
shows the time-lapse traces of normalizedfluorescence intensities that
summarized over a number of perovskite nanocrystals on an area of

Fig. 1 | Super-resolution fluorescence imaging of perovskite nanocrystals and
observation of the coupled continuous nucleation-and-growth processes.
a Schematic illustrate the in situ crystallization of perovskite nanocrystals in
polymeric matrix and time-lapse fluorescence imaging of nanocrystals with SIM.

b Fluorescence image of perovskite nanocrystals acquired using SIM. c,dTemporal
evolution of fluorescence intensity (normalized) of a bright perovskite nanocrystal
and ensembles, respectively.
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307 pixels × 307 pixels (10μm× 10μm). The collective fluorescence
intensity curve of about 700 nanocrystals shows a feature of “S” pro-
file. The observed “T” and “S” shaped fluorescence intensity curves are
very similar with the nucleation-growth kinetic curves of Avrami
model29–31, suggesting the potential of fluorescence intensity in
determine the crystallization of perovskite nanocrystals.

According to previous works, the concentration of precursors is
one of the key factors affecting nucleation and growth4,28. In this work,
we prepared three precursor solutions with different concentrations
of 0.018mol L−1 (C0), 0.009mol L−1 (0.5C0) and 0.007mol L−1 (0.4C0),
and we obtained three samples with different sizes. As shown in the
TEM images (see below and Supplementary Fig. 6), the average dia-
meters of the resultant perovskite nanocrystals are 3.0 ± 0.4, 4.4 ± 0.6,
and 5.1 ± 0.6 nm with standard deviation (SD) of 13%, 14% and 12%,
respectively. In order to determine the relationship between fluores-
cence intensity and nanocrystal size, the steady-state and time-
resolved fluorescence spectra of perovskite nanocrystals with differ-
ent sizes were measured. A mathematical expression of fluorescence
intensity related with nanocrystal radius was derived (Supplementary
Note 2). The relationship between fluorescence intensity and particle
size was derived based on Brus equation. By using this expression, the
plot of fluorescence intensity versus time can be transformed into
nanocrystal radius versus time, enabling us to analyze the nanocrystal
growth via temporal fluorescence intensity.

Crystallization, typical of first-order phase transition from solu-
tion to crystalline solid, is a complicated process with nucleation and
growth stages32,33. The theory of crystallization can be divided into
kinetics and thermodynamics. The former concerns kinetics rate of
nucleation and growth, while the latter focuses on thermodynamic
characteristics such as free energy and critical size. According to
crystallization theory, these two stages are likely to time overlapping
(coupling) with each other during formation of ensemble
nanocrystals34,35. Based on the mathematical relationship between
fluorescence intensity and nanocrystal radius, the recorded “S” shaped
curve of ensemble nanocrystals shows the collective feature of per-
ovskite formation, which illustrates the coupling between nucleation
and growth. As shown in Fig. 1d, it appears as an initial slow kinetics
rate then followed by a rapid crystallization that was induced by con-
tinuous nucleation and rapid growth of nanocrystals, and next the
kinetics rate slows down and becomes constant with the consumption
of perovskite precursors. In Fig. 1c, the “T” shaped curve of an indivi-
dual nanocrystal shows the growth kinetics of a fixed nucleus begin-
ning with a fast growth rate. We first simulate the growth kinetics of
perovskite nanocrystals using traditional Avrami equation and Fick’s
first law-based growth model. Subsequently, a modified thermo-
dynamics model was developed to simulate the coupling between
nucleation and growth.

According to Avrami equation, nucleation and growth can be
described by correlating the transformation fraction and time using
Eq. (1)

f = 1� e�kðt�t0Þn ð1Þ

where f represents volume fraction of formed crystal, k is overall
crystallization rate constant and t0 is time of initial crystallization. n
represents the crystallization exponent with a wide range of values
depending on nucleation rate, growth dimensionality and growth
mechanisms (Supplementary Note 3). Because of the size dependent
fluorescence intensity of perovskite nanocrystals, the volume fraction
can be estimated by the fluorescence intensity36. Supplementary
Fig. 10 show the fitted “S”-shaped crystallization kinetic curves of
perovskite nanocrystals at different precursor concentration. The
extract crystallization exponent n varied from 1.8 to 4.0, which shows
the coupling between nucleation and growth of perovskite nanocrys-
tals at different precursor concentration. n = 4 can be explained to the

finite size effects in non-uniform nucleation, and/or three-dimensional
anisotropic growth and/or size-dependent growth effect in transient
nucleation37,38. The analysis at single-particle level can isolate growthof
individual nanocrystals to illustrate the coupling between nucleation
and growth. By fitting the growth kinetic curve using Avrami equation,
the growth characteristics of individual nanocrystals can be obtained
(Supplementary Figs. 11, 12). The extracted Avrami exponent n of 1.5 is
characteristics of diffusion-controlled three-dimensional (sphere)
growth.

Growth kinetics of individual nanocrystals
In situ fluorescence spectra of perovskite nanocrystals was measured
by spin-coating the precursor solution on glass substrate. The SIM
system can detect the signal of perovskite nanocrystals with wave-
length over 500nm. As shown in Fig. 2a, the fluorescence emission
peak of perovskite nanocrystals shifts from ~500 nm to 520nm cor-
responding to size increasing. Figure 2b shows the plot of the derived
function relating fluorescence intensity and particle radius in a range
of 0.2–3.0nm. The temporal evolution of nanocrystal radius is in good
agreement with LaMer diffusion-controlled growth theory which
accounts for growth of an individual nanocrystal (Supplementary
Note 4)7,39. Figure 2c shows the experimental temporal evolution of an
individual nanocrystal radius (purple dots) and theory fitting using
LaMer model (orange line). The fitting parameter of diffusion coeffi-
cient is on the order of magnitude of ~10−13 m2=s (Supplementary
Table 3),which is close to that ofwater in PVDFpolymer (~10−12m2=s)40.
Due to the existence of polymer in precursor solution, the mass dif-
fusion rate is much slower than reported diffusion coefficient of per-
ovskite precursors in organic solvent (~10−10 m2=s)41. The growth of
individual nanocrystals shows a fast growth at the beginning followed
by a slow growth with an obvious transition of growth rate. According
to Sugimoto’s size-focusing theory, the narrow size distribution is
significantly affected by growth kinetics. Figure 2d shows the histo-
gram of growth time distribution of individual perovskite nanocrys-
tals, and as observed that the fast growth process takes only a few
seconds (4–8 s). After the fast growth stage, a slow growth stage was
followed with time duration of tens of seconds. A few represented
growth kinetics curves of individual perovskite nanocrystals with dif-
ferent size are provided in Supplementary Fig. 13. Based on the above
results, a fast growth at the beginning followed by a slow growth is
critical for the formation of monodisperse perovskite nanocrystals,
even the growth is coupled with continuous nucleation. Figure 2e
shows the TEM images of the perovskite nanocrystals at precursor
concentration of C0. The perovskite nanocrystals have particle size of
3.0 ±0.4 nm with SD of 13%. The high-resolution TEM image of an
individual perovskite nanocrystal presents obvious crystal lattice
fringes with a spacing of 0.20 nm corresponding to (200) plane. The
Fast Fourier Transform (FFT) image with obvious crystal diffraction
pattern also indicates a good crystallinity of the perovskite
nanocrystals.

Coupling between nucleation and growth
Figure 3a schematically illustrates the comparison between con-
tinuous nucleation andburstnucleation. Generally, nuclei start to form
when the precursor solution reaches a critical concentration (mini-
mum supersaturated concentration C*

min). For burst nucleation, a large
number of nuclei format once and all the nucleus grow simultaneously
to produce monodisperse particles with narrow size distribution. For
continuous nucleation the nuclei number continuously increases until
the solution concentration drops below the critical concentration.
Once a nucleus forms it grows rapidly and then the growth rate gra-
dually slow down. The continuous nucleation can be analyzed by
counting the evolution of particle number on a specific area with time
prolonging. Figure 3b shows the temporal evolution of particle num-
bers recorded on a fixed imaging area (10μm×10μm) for nanocrystals

Article https://doi.org/10.1038/s41467-025-60826-x

Nature Communications |         (2025) 16:5664 3

www.nature.com/naturecommunications


at different precursor concentration of C0 (red dots), 0.5C0 (blue dots)
and 0.4C0 (purple dots). The nucleation kinetics can be varied by the
precursor concentration. With the precursor concentration decreas-
ing, the nucleation rate (dN=dt, N is particle number) decreases with

the nucleation time increasing and the final particle number decreas-
ing (Supplementary Note 5). In continuous nucleation of perovskite
nanocrystals, the formation time of nuclei lasts for tens of seconds.
The continuous nucleation of perovskite nanocrystals was also

Fig. 2 | Monitoring the growth of individual perovskite nanocrystals and
growth kinetics simulation. a In situ fluorescence spectra of perovskite nano-
crystals in polymeric matrix. Insert is plot of Brus equation. The red line with arrow
was plotted to indicate the size increasing. b Plot of fluorescence intensity (log) vs.
particle radius of perovskite nanocrystal using the derived equation. Insert is
flowsheet of the relationship (fluorescence intensity and particle radius) derivation.
c Temporal evolution of an individual perovskite nanocrystal radius at precursor
concentration of C0. The blue line represents the calculated curves from the

diffusion-controlled growth model. The model is schematically shown in insert.
d Statistical histogram of the fast- and slow-growth time duration of the individual
perovskite nanocrystals. 119 nanocrystals were counted. 80% of the final size was
defined as the segmentation point for the fast and slow growth. e TEM image of the
perovskite nanocrystals at precursor concentration of C0 and histogram of the
particle size distribution (insert), as well as the high-resolution TEM image of an
individual perovskite nanocrystal and the corresponding FFT image.

Fig. 3 | Observation of continuous nucleation and comparison with burst
nucleation. a Schematic illustration of monodisperse nanocrystals with con-
tinuous nucleation and burst nucleation. b Temporal evolution of particle number
at precursor concentrationofC0 (red line), 0.5C0 (blue line) and 0.4C0 (orange line)

on an area of 307 pixels × 307 pixels (10μm×10μm) in fluorescence images.
c Histograms of particle radius distribution and their Gauss fitting at different
nucleation time prolonging at precursor concentration of C0.
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observed in a different polymeric matrix (Supplementary Note 6). Due
to diffusion-controlled growth, perovskite nanocrystals can achieve
nearly monodisperse size distribution. This is different from the burst
nucleation of LaMer model that a large number of nuclei are initially
formed, followed by a slow diffusion-controlled growth in a reaction
system. Figure 3c shows that the perovskite nanocrystals have particle
size distribution with SD of ~14–17% at nucleation time prolonging of
19st, 21th, 24th, 28th, and 47th second (as noted by the orange dot
in Fig. 3b).

The coupling between nucleation and growth was further ana-
lyzed by simulating the temporal evolution of free energy during
crystallization. According to the well-known Gibbs free energy theory,
total free energy of an individual particle canbedescribedby Eq. (2)32,42

G=4πr2σ +
4
3
πr3ΔGv ð2Þ

where r is the particle radius, σ is surface free energy per unit area and
ΔGv is bulk free energy per unit volume. In the crystallization process
of a reaction system, the free energy of all the nanocrystals can be
divided into nucleation free energy and growth free energy. The cal-
culation of thenucleation free energyof thenanocrystals only needs to
consider a fixed radius (critical nucleation radius) for all the particles
even at different nucleation time prolonging. The calculation of
growth free energy is more complicated because it must take into
account a variety of particle sizes at each moment considering differ-
ent particle size at different growth time. A mathematical model of
coupled nucleation-and-growth was built and the program was
accomplished on Matlab software (Supplementary Note 7). Figure 4a
shows the temporal evolution of nucleation (purple curve) and growth

free energy (blue curve) of the perovskite nanocrystals at precursor
concentration of C0. The nucleation free energy, as a resisting force to
crystallization, is alwayspositive andgradually rises in a “S”profile. The
growth free energy is initially positive and then negative. The negative
free energy is a driving force to promote nanocrystal grow into large
particle. The total free energy of the nanocrystals was also plotted and
as expected it shows a critical transition time/size where the total free
energy value transforms from positive to negative (red curve). After
the critical transition time, the nuclei number increase rapidly and the
negative growth free energy dominates the total free energy. The
coupling between nucleation and growth shows a time overlap of
about 60% for nanocrystals at precursor concentration of C0 as shown
in Fig. 4b. With the decrease of precursor concentration, the
nucleation time increases, resulting in longer time overlap between
nucleation and growth (Fig. 4b and Supplementary Fig. 16). Figure 4c
shows the enlarged view of the free energy curves in the dashed red
frame in Fig. 4a. The total free energy has a positive-to-negative
transition time at 3.8 s corresponding to a transition radius (rt) of
1.2 nm for nanocrystal ensembles in one reaction system. After this
transition point, the size distribution of the perovskite nanocrystals
becomes narrower. In comparison with the free energy of continuous
nucleation, the free energy of growth is dominated in the crystal-
lization of perovskite nanocrystals.

The perovskite nanocrystals have a particle size distribution with
SD< 20% (Supplementary Note 8). The narrow particle size distribu-
tion of perovskite nanocrystals in polymeric matrix was attributed to
the size-dependent growth rate in diffusion-controlled growth
mechanism. According to Sugimoto diffusion-controlled growth
model12, the particle size distribution becomes narrow due to the size-
dependent growth rate (Supplementary Note 9). Here we simulated

Fig. 4 | Simulation of the coupled continuous nucleation-and-growth of per-
ovskite nanocrystals. a Temporal evolution of perovskite nanocrystal free energy
at precursor concentration of C0. Nucleation free energy (purple curve), growth
free energy (blue curve) and total (mathematical sum) free energy (red curve).
b Time overlap shows the coupling between nucleation and grow process of

perovskite nanocrystals. c The enlarged view of the free energy curve in the red
dashed frame in a. The transition size and time refer to the nanocrystal ensembles
in a reaction system. d Diffusion-controlled growth rate (dr=dt) as a function of r
with continuous nucleation of perovskite nanocrystals.
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the growth rate with size increasing with Eq. (3)

dr
dt

=
kD

r
1
rt

� 1
r

� �
ð3Þ

where kD is a constant for a certain concentration of precursor
solution. By using the calculated kD, the growth rate curves were
calculated. Figure 4d shows the growth rate curve of perovskite
nanocrystals at C0. The growth rate decreases continuously
when particle size is larger than transition radius of 1.2 nm. The
smaller nanocrystals grow faster than the larger ones resulting size
focusing during nanocrystal crystallization, which is in line with the
Sugimoto size-focusingmodel. The growth dominated crystallization
in coupled nucleation-and-growth process leads to particle size
narrowing.

We show that super-resolution fluorescence imaging can facilitate
high-spatiotemporal-resolution observation of the nucleation and
growth of perovskite nanocrystal at single-particle level. The visuali-
zation of perovskite crystallization at single-particle level provides
important information to isolate the growth kinetics from the coupled
nucleation-and-growth. Our finding confirms that the crystallization of
perovskite nanocrystals in polymeric matrix shows a typical diffusion-
controlled growth with a fast growth at the beginning followed by a
slow growth. For the in situ formation of perovskite nanocrystals in
polymeric matrix, the nucleation time lasts for tens of seconds. With
the precursor concentration decreasing, the nucleation rate decreases
and nucleation time increases. By combining the experimental obser-
vation and theory simulation, we demonstrate the evolution of free
energy for nucleation and growth. In the continuous nucleation of
perovskite nanocrystals, free energy of growth is dominated during
the crystallization process. The work not only provides a technique to
illustrate the crystallization process of nanocrystals, but also describes
a coupled nucleation-and-growth model to guide the optimization of
nanocrystal synthesis.

Methods
Sample preparation
The perovskite precursor solution at a concentration of C0 was pre-
pared by mixing 0.0214 g FABr, 0.063 g PbBr2, and 0.02 g C8Br
[=CH3(CH2)7NH3Br] with 1 g PVDF polymer powder. DMF (10mL) was
added to the above mixture as solvent and stirred vigorously. The
precursor solution at a concentration of 0.5C0 was prepared by redu-
cing the FABr, PbBr2, and C8Br and PVDF mass by half to 0.0107,
0.0315, 0.01 and0.5 g, respectively,whilemaintaining the samedosage
of DMF. The concentration of 0.4C0 precursor solution was prepared
by reducing the FABr, PbBr2, C8Br and PVDF mass to two-fifths the
mass of FABr, PbBr2, C8Br and PVDF, respectively. A drop (2μL) of the
prepared solution was dripped onto glass substrate (25-mm diameter
and 170-μm thickness, Thorlabs CG15XH1) and observed through the
objective lens of an inverted optical microscope. This fabrication
method resulted in the generation of nano-sized FAPbBr3 crystals
embedded in PVDF polymeric matrix.

Characterization
TEM images were acquired using a TECNAI F20 TEM system. TEM
samples were fabricated through in situ crystallization of perovskite
nanocrystals on the carbon film supported by copper mesh. In details,
drip a dropofperovskite precursor solution onto the coppermeshand
wait for evaporation of solvent to form nanocrystals before putting
them into sample room of the TEM system. Nanocrystal sizes were
calculatedmanually using the software of “NanoMeasurer”. The in situ
fluorescence spectra were measured during the spin-coating (4000
revolutions per minute lasts for 180 s) of the perovskite nanocrystals
films at precursor concentration of C0 on glass substrate in sur-
rounding atmosphere. The emission signal was continuously recorded

by an Ocean Optics spectrofluorometer (USB2000+) through an
optical fiber. The samples were excited by a 405 nm laser coupled to
another optical fiber.

Image acquisition
SIM microscopy is based on a commercially available Olympus IX83
inverted fluorescence microscope frame fitted with a 100X/NA1.45
objectives (ApoN, Olympus) immersed in oil to obtain high spatial
resolution. An excitation continuous wave linearly polarized laser
beam (Coherent, Sapphire 488LP-200) was spatially modulated by a
spatial light modulator (QXDA-3DM, Forth Dimension Displays), gen-
erating SIM pattern illumination and projected onto an area of 108×81
μm2 on the sample substrate with a power density of approximately
8Wcm−2. A multiband dichroic filter (ZT405/488/561/640-phase R,
Chroma) is used to eliminate the reflected 488nmexcitation, featuring
a high transmittance of ~97% within the 500–548 nm range (Supple-
mentary Fig. 2). The filter had minimal effect on the fluorescence
spectra shape, as demonstrated in Supplementary Fig. 3. Fluorescence
emission was detected using an sCMOS camera (OCRD-Flash4.0 V2,
Hamamastu) with a peak quantum efficiency of 82%. Structured illu-
mination at 488 nm was applied prior to detecting any fluorescence
from nanocrystals in the field of view, enabling real-time observation
of the complete crystallization process of perovskite nanocrystals.
Single-particle fluorescence intensity from nanocrystals of varying
particle sizes were measured under identical excitation and detection
conditions, ensuring values remained within the camera’s dynamic
range. Fluorescence intensity emitted per particle was calculated by
integrating the camera counts over each fluorescence spot. The real-
time monitoring continued until no further increase in fluorescence
intensity was observed in the region of interest. SIM images were post-
processed and reconstructed using a modified two-step
Lucy–Richardson deconvolution algorithm43. The resulting spatial
and temporal resolution were ~100 nm and 0.238 s per frame,
respectively, with a final image pixel width of 0.0325 μm.

Image data analysis and statistics
Raw images were stored in TIFF stack format. SIM images were
reconstructed using custom SIM image processing software devel-
oped in MATLAB (2020a, Mathworks). Nine low-resolution fluores-
cence images were used to reconstruct a super-resolution image
through precise mathematical deconvolution of distinct spatial fre-
quency components under varying illumination pattern. The fluores-
cence intensity of single/ensemble particles was measured on output
image stacks using ImageJ (Fiji) software. To calculate particle num-
bers, the TrackMate plugin in ImageJ (Fiji) was utilized for particle
detection. All datawereplottedusingOriginPro (2020,OriginLab), and
final images were prepared in Adobe Illustrator.

Data availability
All data supporting this study are provided in the article and the
Supplementary Information file. The source data were deposited to
figshare database (https://doi.org/10.6084/m9.figshare.25189316).

Code availability
All data in support of the findings of this study are available within the
article and its Supplementary Information. The software supporting
SIM image processing is available at https://github.com/dashandong/
nanoSIM.
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