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Fast Single-Particle Tracking of 
Membrane Proteins Combined with 
Super-Resolution Imaging of Actin 
Nanodomains
Hanieh Mazloom-Farsibaf   1,4 ✉, William K. Kanagy2,5, Diane S. Lidke2,3 & Keith A. Lidke1,3 ✉

Membrane protein dynamics regulates cell functions by initiating downstream signaling cascades. The 
cell membrane is compartmentalized into nanodomains by actin structures, restricting lateral protein 
diffusion. Single-particle tracking offers high spatiotemporal resolution for studying protein dynamics 
in living cells. However, directly observing actin filaments that form barriers of nanodomains for fast 
protein diffusion is challenging due to their size being below the diffraction limit. Single-molecule 
localization microscopy resolves these structures but requires imaging in fixed cells. We integrated 
fast single-particle tracking with single-molecule localization microscopy to generate a dataset of 
membrane protein dynamics and actin filaments within the same cells at the nanoscales. Optimizing 
the fixation protocol enabled transition from live-cell tracking to fixed-cell super-resolution imaging. 
Data for the high-affinity IgE receptor, a transmembrane protein, and the GPI-anchored protein, 
an outer leaflet protein, was collected at 490 Hz. After fixation, actin filaments were imaged using 
dSTORM. The treatment of actin structures with phalloidin and PMA generated a dataset of distinct 
actin architectures for studying their potential influence on membrane protein dynamics.

Background & Summary
The cell membrane, serving as a dynamic platform for lipid and protein interactions, continuously generates 
signals that are essential for cellular functions1–3. Spatial organization of membrane proteins depends on both 
intrinsic biophysical properties of the membrane4 and membrane-associated actin cytoskeleton, as proposed 
by the picket-fence model5,6. Based on this model, actin structures compartmentalize the membrane into 
nano-corrals and restrict membrane protein mobility. Considering Brownian motion for a membrane-associated 
molecule, whether a protein or lipid, with a lateral diffusion of ~0.1–1 µm2/s, the molecule must be tracked 
within 2–20 milliseconds to reveal trapped diffusion within a corral of ~100 nm7. This compartmentalization 
can also result in “hop diffusion”, where molecules move between connected corrals8,9.

Previous studies, directly and indirectly, observed that actin structures underneath the membrane impact 
lateral diffusion of membrane components including lipids10–12, outer leaflet proteins13, inner raft proteins14, 
and transmembrane proteins15,16. However, the question of whether filamentous actin, with a thickness of seven 
nanometers, acts as a diffusion barrier is still unrevealed. The trade-off between resolution and sampling also 
applies to single-molecule localization microscopy (SMLM)17. To detect actin structures as small as 25 nanom-
eters, SMLM must acquire thousands of images of sparsely labeled samples, which are then reconstructed into 
a final super-resolution image. For our desired resolution of actin, this process requires the SMLM be done in 
fixed cells.

Generating high spatiotemporal resolution data is particularly challenging due to the resolution-sampling 
trade-off, which complicates the study of how actin structures influence on protein dynamics at the nanoscale. 
To address this, we designed our experiment based on a hybrid approach of single-particle tracking followed by 
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SMLM. This approach was previously implemented by Bálint et al. to study cargo transport on microtubules18. 
We customized an optical setup, employing several elegant engineering techniques to integrate single-particle 
tracking of membrane proteins with super-resolution imaging of actin filaments. We achieved this by optimiz-
ing the fixation protocol, ensuring the preservation of cellular morphology throughout the process. We col-
lected two-dimensional time series data in rat basophilic leukemia (RBL-2H3) cells19 to observe the diffusional 
dynamics of the transmembrane receptor FcɛRI and the outer-leaflet GPI-anchored proteins at high frame rate 
(490 Hz). Protein mobility was detected in cells with and without treatment to alter actin polymerization. Data 
collection was performed using TIRF (total internal reflection fluorescence) microscopy to observe only actin 
structures close to the coverslip, corresponding to the cell membrane.

This data repository can be used for a systematic study on the lateral diffusion of membrane proteins guided 
by actin structures. The observation of both transmembrane and outer leaflet proteins offers the groundwork 
for evaluating the direct and indirect interactions of membrane proteins with actin filaments, regulating their 
dynamics at the nanometer scale. Furthermore, this data repository provides insights into a diverse range of 
protein dynamics modulated by actin network architectures, depending on specific actin treatments. Upon phal-
loidin treatment, actin filaments become stabilized, generating more secure corral walls and reducing openings 
for proteins diffusing into juxtaposed corrals. Phorbol myristate acetate (PMA) induces actin polymerization, 
forming actin bundles that may have created stiffer barriers between corrals. In summary, this data repository 
facilitates the exploration of a wide range of mechanisms by which the actin network manipulates the lateral 
diffusion of membrane proteins.

The proposed optical setup and experimental design are versatile, allowing for an extension of studies requir-
ing rapid dynamics information within the context of ultrastructural details. Our optimized fixation protocol, 
designed to preserve cellular structures, offers a distinct advantage when transitioning from live-cell imaging to 
fixed-cell imaging. Of note, this crucial step is frequently overlooked in most literature.

Methods
Experimental Flow of Hybrid Live-Cell and Super-resolution Imaging.  We employed a hybrid 
methodology for data collection using a cost-effective optical system, starting with high-speed live-cell imaging 
to track individual membrane proteins, which was succeeded by super-resolution imaging of actin filaments 
of the same cells. Samples were initially treated with specific drugs, tailored to each biological condition, then 
membrane proteins were labeled for single-particle tracking. Under a carefully designed protocol, cells were fixed 
and labeled to visualize actin filaments using direct stochastic optical reconstruction microscopy (dSTORM)20,21 
(Fig. 1).

An essential but often overlooked consideration in the literature is the impact of fixation buffer on cell mor-
phology, especially in a hybrid method that includes live-cell imaging, cell fixation, labeling, and dSTORM 

Fig. 1  Experimental workflow for correlative single-particle tracking and super-resolution imaging. (a) 2D 
images of fluorescently labeled IgE receptor protein (left), brightfield image of an RBL cell post-tracking (second 
from left), overlay of brightfield images post-tracking and pre-super-resolution imaging (second from right), 
and single-molecule emitters of labeled actin filaments (right). (b) Timeline for the entire experiment on a 
single sample, spanning from a few minutes of tracking to several hours of fixation and labeling for the super-
resolution image.
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imaging. Indeed, maintaining cell integrity through these multiple stages is a challenging aspect of integrated 
methods. In our dataset, we examined several common and custom fixation protocols concerning the changes 
in the cell morphology at the microscale, and maintenance of thin actin filaments in super-resolution images. 
This led us to select glutaraldehyde as the preferred choice and optimize the final concentration by matching the 
osmolarity with the live-cell imaging buffer (see Technical Validation).

Given the refined protocol and advanced optical setup, our data collection was designed to address two 
primary inquiries: i) the mechanisms of which actin network architecture guide the transmembrane protein 
dynamics, and ii) the mechanisms of direct versus indirect interactions of the actin structures that modulate 
membrane protein dynamics.

Cell culture and live-cell preparation.  RBL-2H3 cell lines (ATCC, CRL-2256) were maintained in mini-
mum essential medium (MEM) supplemented with 10% FBS, 1% penicillin streptomycin and 1% L-glutamine22. 
The cells were plated on a 25 mm coverslip (#1.5) mounted in an Attflour cell chamber (Life Technologies, Cat No. 
A-7816). Samples were prepared differently based on biological conditions as follows:

Class I – Transmembrane protein, FcɛRI under actin perturbations.  We selected three biological conditions 
to observe the lateral motion of FcɛRI in the context of actin organization: untreated cells, phalloidin-treated 
cells, and PMA-treated cells. The preparation of untreated and phalloidin-treated samples followed the pro-
tocol described in our previous work23. Briefly, cells were labeled with Janelia FluorⓇ 64624 (Tocris Bioscience, 
Cat. No. 6148) conjugated to IgE at the final concentration of 150–250 pM diluted in the HANKS buffer for 
15 min. The HANKS buffer consisted of 0.9X solution of Hanks Balanced Salt Solution (HBSS) (Invitrogen, 
SKU#14,065- 056), 10 mM 4-(2-hydroxyethyl) −1-piperazineethanesulfonic acid (HEPES), 5 mM Glucose, 
0.7 mM MgSO4, 0.13% NaHCO3 in ddH2O (HANKS) buffer. Samples were washed once with the HANKS buffer 
before live-cell imaging. For treated samples, cells were prepared with actin drugs and washed 6x with HANKS 
buffer before labeling the FcɛRI receptors. For phalloidin-treated cells, actin filaments were stabilized by 1 
pM of Phalloidin-Alexa 568 (ThermoFisher, Cat No. A12380) in the presence of 0.05% Saponin (Sigma, CAS 
No. 8047–15–2) diluted in cytoskeleton-preserving buffer (PEM), 80 mM PIPES pH 7.2, 10 mM EGTA, 4 mM 
MgCl2 (PEM) for 20 s. For PMA-treated cells, samples were pre-incubated for 40 min in 50 nM of PMA diluted 
in the HANKS buffer at 37 °C.

Class II – Transmembrane protein versus outer leaflet protein.  RBL-2H3 cells were transiently transfected using 
the Amaxa system (Lonza) with Solution L,Program T-20, and 3 µg of plasmid DNA to express a chimeric 
membrane-anchored GFP-GPI fusion protein25. The adequate expression of the GFP-GPI protein was verified 
using fluorescent microscopy prior to the labeling step. The samples were labeled either for FcɛRI receptors 
with IgE-conjugated Janelia FluorⓇ 646 or for GPI-anchored proteins with an anti-GFP nanobody conjugated to 
ATTO 647 N (Chromotek, Cat No. gba647n-10) as described in our previous work23.

Live- cell imaging and initial fixation.  The samples were kept in the HANKS buffer and mounted with 
a custom designed chamber holder on the stage of the microscope. Single-particle tracking was performed with 
TIRF illumination with an excitation intensity of ∼1 kW/cm^2 at room temperature. Images were acquired at 
490 Hz frame rate (~2 milliseconds exposure time) for a total of 6000 frames. After a few seconds of data acquisi-
tion, the initial optimized fixation buffer including the 4% glutaraldehyde diluted in PEM buffer – 80 mM PIPES 
pH 7.2, 10 mM EGTA, 4 mM MgCl2 – was automatically added in the ratio of 1:1 to the sample with HANKS 
buffer to have a 2% glutaraldehyde at final concentration (see Technical Validation). A syringe pump was con-
nected to the optical setup and added the buffer at 22 μl/min flow rate. Simultaneously with the fluorescence 
single-particle tracking, we recorded brightfield images of the cell using an infrared (IR) camera, and continued 
till the fixation buffer was completely added to the samples. These brightfield images were used for monitor-
ing cell morphology changes during the initial fixation process and for cell image registration before collecting 
super-resolution images. The cell position at the microscale was manually recorded by noting the stage informa-
tion of a nanopositioning piezo stage installed on the microscope before removing the sample from the micro-
scope (see Optical Setup section). The samples were removed from the microscope for additional fixation process 
and labeling the actin filaments.

Cell fixation and actin labeling.  After an hour of initial fixation buffer, the samples were washed 2x 
with phosphate buffer saline (PBS) (gibco, Lot No. 2053546) then kept in fresh prepared NaBH4 for 10 min to 
reduce background fluorescence due to glutaraldehyde, followed by 2x washes with PBS. To quench reactive 
cross-linkers, the samples were incubated in 10 mM Tris for 10 min, followed by 2x washes with PBS. Finally, the 
samples were permeabilized by incubation for 15 min in 5% BSA and 0.05% Triton X-100 diluted in PBS, followed 
by one PBS wash before labeling actin filaments.

Actin filaments were labeled in fixed cells by incubating them with 0.56 μM AF647-conjugated to phalloi-
din (ThermoFisher, Cat no. A22287) diluted in PBS for one hour. The samples were washed once in PBS and 
kept in a dSTORM imaging buffer for super-resolution imaging. This buffer contained an enzymatic oxygen 
scavenging system and primary thiol: 50 mM tris, 10 mM NaCl, 10% w/v glucose, 168.8 U/ml glucose oxidase 
(Sigma, Cat No. G2133), 1404 U/ml catalase (Sigma, Cat No. C9322), and 60 mM 2-aminoethanethiol (MEA) 
(Sigma-Aldrich, Cat no. M6500-25G) with pH 8.0, to optimize chemical conditions for photo-switching of 
AF647 dye. During data collection, the sample chambers were sealed with a clean 25 mm coverslip to prevent 
exposure to oxygen.
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Super-resolution imaging.  For super-resolution imaging, the samples were carefully remounted onto the 
microscope. We utilized the IR camera and stage, coupled with the optical setup, to locate the same cell of the 
live-cell imaging phase. The IR camera, with its wider field of view, captures the cell of interest along with its 
neighboring cells, facilitating easy cell identification. Meanwhile the field of view of the main camera is limited to 
a single cell for fast data acquisition in single-particle tracking. The cell position was achieved through a bright-
field registration with nanoscale accuracy26,27. Only samples with high correlation coefficient with registration 
threshold of 0.6 were kept for super-resolution imaging. The dSTORM imaging was performed with a 638 nm 
laser at ~4.7 kW/cm2 in TIRF illumination with an approximate exposure time of 10 milliseconds. To reduce the 
possible experimental drifts, such as vibrational and thermal drifts, during data collection, brightfield registration 
was employed every 3000 frames for actin data collection, as described by Wester, et al.27.

Optical setup.  The imaging system was assembled on an inverted microscope (IX71, Olympus America Inc.) 
equipped with an oil immersion objective lens (Olympus, UAPON 100XOTIRF) (Fig. 2, Table 1) as described in 
our previous work28. For this study, a syringe pump was integrated to automatically deliver the fixation buffer to 
the samples following single-partible tracking imaging. Briefly, a nanopositioning piezo stage (Mad City Labs, 
Nano-LPS100) mounted on a two-dimensional manual stage was installed on the microscope for precise cell 
positioning and brightfield image registration. Brightfield illumination was provided by an 850 nm LED (M850L3, 
Thorlabs) and images were captured using a low-cost CMOS camera (Thorlabs, DCC1545M) after the light 
reflected by a short-pass dichroic beam splitter (Semrock, FF750-SDi02) and passed through a single-band band-
pass filter (Semrock, FF01-835/70-25). For fluorescent imaging, a 638 nm laser diode (Thorlabs, L638P200) was 
coupled into a single-mode fiber, reflected by a dichroic beam splitter (Semrock, Di03-R635-t1-25 × 36), and 
focused onto the back focal plane of the objective lens. Prior to coupling into the fiber, the laser passed through a 
clean-up filter (Semrock, LD01-640/8). Emission path included a short-pass dichroic beam splitter (Semrock, 
FF750-SDi02), a single-band bandpass filter (Semrock, FF624-Di01), and an EMCCD camera with a sensor size 
of 128 × 128 (Andor, iXon DU-860E-CS0-#BV) with a pixel size of 0.1185 µm. Calibration of the EMCCD to 
extract the effective photon number and offset gave gain at 13 e

ADU

−

 and offset of 90 ADU29. All the instruments 
were controlled using a custom-written software in MATLAB (MathWorks Inc.)30.

To measure the illumination pattern on the EMCCD camera, we used a saturated sample of 0.04 µm dark red 
beads (ThermoFisher, Cat No. F8789), which adhere to the coverslip and are photostable, providing a uniform 
distribution of the fluorescent molecules in the field of view (Fig. 3a). As shown by a black solid line in Fig. 3b,c, 
the spatially averaged photon counts are nearly uniform along both the x and y axes of the EMCCD region.

Fig. 2  Optical layout of correlative high-speed single-particle tracking and super-resolution microscope.
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Data Records
All image data collected in this study are available in a Zenodo repository31. Data was classified as “Class I” 
and “Class II” describing two categories mentioned in the live-cell preparation section. In “Class II”, the cells 
were transfected to express GFP-GPI-anchored fusion protein. The data with folder names containing “IgE 
Untreated” include a “.mat” file for image time series of fluorescently labeled IgE receptors in untreated RBL-2H3 
cells, and several “.mat” files in the “SRImage” folder containing image series of corresponding super-resolution 
imaging of fluorescently labeled actin filaments of the same cell. The data with folder names including with “IgE 
Treated” include a “.mat” file for image time series of fluorescently labeled IgE receptors in either phalloidin- or 
PMA-treated RBL-2H3 cells, and several “.mat” files in the “SRImage” folder containing image series of corre-
sponding super-resolution imaging of fluorescently labeled actin filaments in the same cell. Similarly, the data 
with folder names starting with “GPI Untreated” include a “.mat” file of image time series of fluorescently labe-
led GPI-anchored proteins in untreated RBL-2H3 cells, and several “.mat” files saved in the “SRImage” folder 
containing image series of corresponding super-resolution imaging of fluorescently labeled actin filaments in 
the same cell. The data with folder names starting with “GPI Treated” include a “.mat” file of image time series of 
fluorescently labeled GPI-anchored proteins in phalloidin treated RBL-2H3 cells, and several “.mat” files in the 
“SRImage” folder containing image series of corresponding super-resolution imaging of fluorescently labeled 
actin filaments in the same cell. The number within each folder name represents an individual experiment and 
the corresponding data collected under the same conditions. For all experiments, IR brightfield images were 
collected to monitor the cell morphology during live-cell image and adding initial fixation buffer and were saved 
in the tracking file. A single IR brightfield image for cell registration and drift correction during super-resolution 
imaging was saved in the “SRImage” folder for each cell.

Data for the Technical Validation section are saved in a separate folder named ‘TechnicalValidation’. This 
folder includes ‘IRMovies’, a set of brightfield IR images of the cell during tracking and adding various fixation 
buffers, according to Table 2.

We have updated the Zenodo repository to include the HDF5 files containing tracking data and 
super-resolution images for each sample31. The files are named “Tracking” and “SuperResoulution_actin” 
within their respective folders corresponding to the experimental conditions mentioned above. The “Technical 
Validation” folder in updated version includes the “IRMovies” files, a set of brightfield IR images capturing the 
full field of view from the IR camera that contained several cells for each fixation buffer, as outlined in Table 2.

Technical Validation
Fixation buffer optimization.  For an integrated live- and fixed-cell imaging method, the chemical fixa-
tion protocol must be optimized to preserve the morphologies and physical properties of a sample at the living 
state32,33. In single-cell imaging, the standard fixation protocol is an aldehyde-based buffer including paraformal-
dehyde (PFA) and glutaraldehyde (GA) which react with the amino group and form cross-links between mem-
brane proteins and their surroundings34,35. Recently, glyoxal has been also considered as an alternative fixative 
in super-resolution imaging36. Most fixation methods significantly affect cell morphology and tissue architec-
ture37,38. Therefore, in this study, we optimized the fixation protocol by testing different concentrations of stand-
ard buffers in respect to (1) an isotonic fixation buffer matching to live-cell imaging buffer, (2) the unchanged cell 
morphology at the microscale, (3) high super-resolved images of actin filaments.

Symbol Part Number Description Vender

Laser 1 L638P200 638 nm, 200 mW, Ø5.6 mm, G Pin Code, Laser Diode Thorlabs

LED850 M850L3 850 nm, 900 mW (Min) Mounted LED, 1200 mA Thorlabs

DM1 FF01- 643/20-25 643/20 nm BrightLine@ single-band band-pass filter Semrock

DM2 Di03-R635-t1-25 × 36 635 nm laser BrightLine@ single-edge super-resolution/TIRF dichroic beamsplitter Semrock

DM4 FF624-Di01-25 × 36 677 nm edge BrightLine@ single-edge standard epi-fluorescence dichroic beamsplitter Semrock

L1, L2 A414TM-A f = 3.30 mm, NA = 0.47 Mounted Rochester Aspheric Lens, AR: 350-700 nm Thorlabs

L3 LA1560-ML ML - Ø1/2” N-BK7 Plano-Convex Lens, SM05-Threaded Mount, f = 25.0 mm, Un- coated Thorlabs

L4 … f = 175 mm Thorlabs

L5 AC254-050-A f = 50.0 mm, Ø1” Achromatic Doublet, ARC:400–700 nm Thorlabs

L6 AC254-100-A f = 100.0 mm, Ø1” Achromatic Doublet, ARC: 400–700 nm Thorlabs

L7 AC254-200-A f = 200.0 mm, Ø1” Achromatic Doublet, ARC: 400–700 nm Thorlabs

L9 AC254-050-A f = 50.0 mm, Ø1” Achromatic Doublet, ARC:400–700 nm Thorlabs

F1 LD01-640/8 640/8 nm MaxDiodew laser clean-up filter Semrock

F2 long pass filter 655 nm

F4 FF01-835/70-25 835/70 nm BrightLine@ single-band band-pass filter Semrock

M1-M4 BB1-E02 Ø1” Broadband Dielectric Mirror, 400–750 nm Thorlabs

Iris1, SM1D12D SM1 Ring-Actuated Iris Diaphragm (Ø0.8–Ø12 mm) Thorlabs

Fiber P1-488PM-FC-2 PM Patch Cable, PANDA, 488 nm, FC/PC, 2 m Thorlabs

Table 1.  Optical component checklist of the correlative high-speed single-tracking and super-resolution 
microscopy.
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Osmolarity.  We eliminated osmotic responses of the cell by matching the osmolarity of the optimized fix-
ation buffer with the live-cell imaging buffer. In each fixation procedure, various concentrations of PFA, GA, or 
glyoxal (40% stock solution from Sigma-Aldrich, #128465) were diluted in deionized (DI) water, PBS, or cytoskel-
eton preserving buffer (PEM) (Table 3). Considering the factors mentioned in the following sections, we chose 2% 
GA in the PEM buffer as an optimized fixation buffer for this study.

IR Movies while adding fixation buffer.  During live-cell imaging and adding the fixation buffer, we 
monitored cell morphology using the IR camera. For each fixation procedure, we captured a time series of 
brightfield images while adding the fixation buffer to the HANKS buffer with the syringe pump (Table 2). The 
cross-correlation coefficient was calculated using the ‘corr2’ function in MATLAB, with the first image as the 

Fig. 3  Fluorescent image of a saturated 0.04 µm dark red bead sample used for testing the illumination pattern 
with a 638 nm light source. (a) Frame-averaged raw image of the saturated sample captured on the EMCCD 
camera. Photon counts for each (b) row (x direction) and (c) column (y direction) are plotted. The black line is 
the average photon counts across all (b) rows and (c) columns.

File name Experimental conditions

IRMovie 1 HANKS

IRMovie 2 4% PFA in PEM

IRMovie 3 2% GA in PEM

IRMovie 4 2% GA + 0.1% Triton in PEM

IRMovie 5 2% GA + 0.2% Triton in PEM

IRMovie 6 3% Glyoxal + 20% Ethanol in DI water

IRMovie 7 1.5% Glyoxal + 10% Ethanol in DI water

IRMovie 8 3% Glyoxal in DI water

IRMovie 9 1.2% PFA in PEM

IRMovie 10 0.6% PFA in PEM

IRMovie 11 0.4% PFA in PEM

Table 2.  Concentration of fixation buffers for examining cellular morphology changes using IR brightfield 
images, corresponding to the Technical Validation IRMovie data in the data repository.

Buffer DI Water PBS PEM

2% GA 0.2 0.474 0.3

2% GA + 0.1% Triton 0.201 0.476 0.3

0.6% PFA + 0.1% GA + 0.25% Triton 0.213 0.489 0.316

3% Glyoxal + 30% Ethanol 7.15 ---- ----

PBS 0.275 ---- ----

PEM 0.102 ---- ----

HANKS 0.307 ---- ----

Table 3.  Osmolarity (Osm/L) of chemical fixation buffer. PEM is the cytoskeleton-preserving buffer consisting 
of 80 mM PIPES, 5 mM EGTA, and 2 mM MgCl2. HANKS buffer is a live-cell imaging buffer which keeps the 
cells in a healthy condition.
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reference image. This analysis was performed for the entire time series of the brightfield images for 10 selected 
cells per condition (Fig. 4). The IR brightfield images are available on the Zenodo repository31.

Super-resolved images of actin filaments.  The quality of super-resolution images relies on 
well-executed sample preparation, including the fixation protocol which depends on targeted structures. For 
optimizing the fixation buffer, we visualized the actin structures for the GA-based fixation buffers that preserve 

Fig. 4  Correlation coefficient of IR brightfield images under various fixation buffers. Ten cells are selected to 
observe cell morphology changes using IR brightfield images as different fixation buffers were added to the 
HANKS buffer: (a) HANKS, (b) 4% PFA in PEM, (c) 2% GA in PEM, (d) 2% GA + 0.1% Triton in PEM, (e) 
2% GA + 0.2% Triton in PEM, (f) 3% glyoxal + 20% ethanol in DI water, (g) 1.5% glyoxal + 10% ethanol in DI 
water, (h) 3% glyoxal in DI water, (i) 1.2% PFA in PEM, (j) 0.6% PFA in PEM, and (k) 0.4% PFA in PEM.
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cell morphology at the microscale, as imaged with the IR camera in the previous section. We also examined a 
glyoxal-based fixation buffer as suggested by Richter et al., which is particularly effective for actin structures36.

Three fixation protocols were evaluated: i) 2% GA in PEM, ii) 2% GA with 0.1% Triton in PEM, and iii) 
3% glyoxal with 20% Ethanol in DI water. These buffers were used as the immediate fixation step, followed the 
remaining fixation steps detailed in the Methods section. Actin filaments were labeled with AF647-conjugated 
to phalloidin. We generated super-resolution images of actin structures using a custom-written Single Molecule 
Imaging Toolbox Extraordinaire (SMITE)39 (see Usage note). To quantify the spatial resolution of actin filaments, 
we employed the Fourier Ring Correlation (FRC)17, an image-based metric (Fig. 5). As shown in the FRC curves 
(Fig. 5d), the average spatial resolution of actin filaments achieved with the three fixation buffers was 42.8 nm, 
60.2 nm, and 44.1 nm, respectively. This confirmed that 2% GA in PEM buffer is a well-chosen fixation buffer.

In addition to testing for the fixation buffer, we collected the super-resolved images of actin filaments to 
observe whether phalloidin and PMA treatment have any significant impacts on the actin filaments visuali-
zation. For all untreated and treated experimental conditions, we provided super-resolution images of actin 
structures along with corresponding tracking data31.

Usage Note
To demonstrate the usage of this dataset, we analyzed a sample using the Single Molecule Imaging Toolbox 
Extraordinaire (SMITE) package39, a custom-written MATLAB tool combined with the DIPimage toolbox40. 
Specifically, we utilized the “ClassII_IgEPhalloidin_Treated1” dataset from the Zenodo repository31.

For two-dimensional images, single emitters were localized as individual spots, described by parameters such 
as positions, total photon counts, background photon counts and their standard errors. These parameters were 

Fig. 5  Super-resolution images of actin filaments labeled with phalloidin-AF647 in RBL-2H3 cells. The 
immediate fixation buffers used are (a) 2% GA in PEM, (b) 2% GA with 0.1% Triton in PEM, and (c) 3% glyoxal 
with 20% ethanol in DI water. Scale bar is one µm. (d) FRC curve for the super-resolution images of actin 
filaments. The horizontal red line at FRC = 1/7 indicates the threshold of the curve, where the image resolution 
is defined as the inverse of the spatial frequency.
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computed using a maximum likelihood estimator implemented on a graphics processing unit (GPU)41. Using 
the ‘SMLM’ module in the SMITE package for super-resolution image of actin filaments, we applied thresholds 
to refine data: a maximum background photon counts of 200, a minimum photon counts per frame per emitter 
of 200, and a data-model hypothesis test42 with a p-value cutoff of 0.01. The PSF sigma for fitting a Gaussian 
model to localize emitters was set to 1.14 pixels. These parameters resulted in a well-defined set of single mole-
cule localizations. To generate a super-resolution image of actin filaments, we reconstructed this refined locali-
zation set was reconstructed (Fig. 6). For single-particle tracking, trajectories of individual membrane proteins 
were generated using a tracking algorithm based on a linear assignment problem and a cost matrix proposed by 
Jaqaman et al.39,43 (Fig. 6).

We assessed the position accuracy of emitters for single-particle tracking under different experimental con-
ditions using a custom MATLAB code, as described in Schwartz et al.41,44,45. For Janelia Fluor 646 conjugated to 
IgE receptors, the median position accuracy of localized molecules was estimated at 18.78 nm, 16.25 nm, and 
17.41 nm for untreated cells, phalloidin-treated cells, and PMA-treated cells in the Class I dataset, respectively. 
In the Class II dataset, the median position accuracy was 17.30 nm for Janelia Fluor 646 conjugated to IgE recep-
tors, while anti-GFP ATTO 647 N conjugated nanobody had an estimated accuracy of 21.26 nm, and 22.27 nm 
for untreated and phalloidin-treated cells, respectively.

Code availability
All instruments of our optical system were controlled by a MATLAB-based custom-written package30, which is 
freely available at (github.com/LidkeLab/matlab-instrument-control).

Received: 22 August 2024; Accepted: 7 March 2025;
Published: xx xx xxxx

Fig. 6  Analysis of high-speed single-particle tracking of membrane proteins combined with super-resolution 
imaging of actin filaments in an RBL-2H3 cell. (a) Trajectories of IgE receptors obtained from single-particle 
tracking images, with each trajectory represented by a different color (left). Super-resolved image of actin 
filaments in the same cell (right). Overlay of single- particle trajectories with super-resolved image (middle). 
Scale bar is one µm. (b) Close-up of super-resolved images of actin filaments surrounding selected trajectories 
in specific regions. The color gradient of each trajectory represents the passage of time, transitioning from 
earlier stages (blue) to later stages (yellow).
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