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SUMMARY: 
This protocol describes single-antibody labeling (SAL) to resolve the nanoscale spatial organization of plasma membrane proteins. By leveraging cumulative antibody-epitope interactions at the single-molecule level, membrane SAL (mSAL) maps local epitope distributions while simultaneously capturing antibody binding behavior in the native cellular environment.

ABSTRACT: 
The plasma membrane defines the cell shape and serves as the interface that governs intercellular communication. Membrane proteins constitute a major class of therapeutic targets; therefore, super-resolving the cell membrane through its constitutive proteins holds great promise in advancing cell biology and antibody therapeutics. In this regard, single-molecule localization microscopy (SMLM) enables nanoscale visualization of protein organizations on biological structures. Despite its importance, applying SMLM to plasma membrane proteins poses unique challenges. In this protocol, we present an effective approach using time-lapse single-antibody labeling (SAL) termed membrane SAL (mSAL). We provide detailed step-by-step instructions, including optimization of the antibody concentration, laser power density, duration of non-illumination intervals, image reconstruction, and density-based cluster analysis, to resolve nanoscale membrane protein distribution and membrane morphology. We use the tetraspanin protein CD81 as the model membrane protein to demonstrate the capability of mSAL on both adherent and suspension mammalian cells. In addition to super-resolving the cell membrane and distributions of membrane proteins, our technique enables the investigation of the pharmacodynamics of therapeutic antibodies interacting with their membrane targets in the native membrane environment. 

INTRODUCTION: 
The plasma membrane contains a diverse array of proteins that regulate cell mobility, adhesion, sensing, and intercellular communication. Understanding the nanoscale distribution of plasma membrane proteins is important, as protein function is often governed not only by expression levels but also by their spatial organization on the membrane1,2. Notably, many therapeutic antibodies target membrane proteins3,4, making nanoscale investigations essential for understanding how antibody interactions are influenced by the local membrane protein organization. However, precise mapping of membrane protein distribution, single-molecule profiling of their abundance, and real-time monitoring of their dynamic interactions with binding partners remain challenging. 

Widely used single-molecule localization microscopy (SMLM) techniques, such as direct stochastic optical reconstruction microscopy (dSTORM)5,6 and DNA-based points accumulation for imaging in nanoscale topography (DNA-PAINT)7, use Immunofluorescence (IF) staining for sample labeling. They achieve lateral resolutions of ~ 10 nm and have provided extensive insights into the nanoscale organization of therapeutic membrane targets, including human epidermal growth factor receptor 2 (HER2)8,9, CD2010, T cell receptors11–13, programmed death-ligand 114, B cell receptors15–17, and CD1917,18. For example, dSTORM studies using the therapeutic monoclonal antibody Trastuzumab to directly detect HER2, a key receptor implicated in breast cancer, have revealed distinct clustering states among HER2-positive patients8, while different therapeutic antibodies have been shown to modulate HER2 clustering9. DNA-PAINT combined with lattice light sheet microscopy has elucidated the oligomeric states and interaction profiles of CD20 in B-cells with therapeutic monoclonal antibodies rituximab, ofatumumab, and obinutuzumab10. Although conventional SMLM provides valuable insights into nanoscale organization, its full potential is limited by traditional IF staining approaches. The quality of the SMLM image is dependent on the IF staining, which in turn is governed by the specificity and affinity of the labeling antibody. Traditional SMLM prefers high-affinity antibodies that typically achieve superior IF staining and image quality. However, most therapeutic antibodies interact with membrane receptors of live cells with moderate affinity to minimize off-target side effects19. For instance, bispecific T cell engagers (TCEs) exhibit a lower affinity for CD3, which prevents TCR internalization20–22. Such interactions cannot be accurately captured by conventional IF techniques. 

We have previously developed a strategy that directly leverages single-molecule antibody-epitope interactions, termed single-antibody labeling (SAL). SAL enables high-density mapping of antibody-epitope interactions while preserving native binding equilibria23. While we have previously reported a protocol for intracellular cytoskeletal and mitochondrial proteins24, SAL on membrane proteins has not been demonstrated. In this protocol, we provide a step-by-step workflow for applying SAL to membrane proteins, demonstrated through the labeling of the tetraspanin CD81, a reported therapeutic target candidate25–28, in both suspension and adherent cells. Using fluorescently labeled anti-CD81 antibodies to directly probe the spatial distribution of CD81 on U2OS and Jurkat T cells, we demonstrate the application of SAL nanoscale studies of membrane proteins. We termed this strategy as membrane SAL (mSAL). Finally, we describe a clustering-based strategy to reduce the isolated single-molecule detections outside of the cell. 

In essence, SAL uses time-lapse single-molecule labeling to capture individual antibody-epitope interactions, and subsequent single-emitter deconvolution yields a super-resolution image based on SMLM. By adjusting antibody concentration and selecting an appropriate non-illuminating interval (NII) between consecutive image frames, SAL matches the antibody on-rate to the single-molecule detection rate, enabling single-molecule localization. SAL requires longer NIIs due to the inherently slow binding kinetics of antibodies, which prolong the image acquisition durations (~3-17 h). SAL is best suited for applications that require precise nanoscale mapping of epitopes and the evaluation of individual antibody-epitope interaction dynamics. Despite its lower throughput, SAL offers unique insight into epitope organization and antibody engagement under near-physiological conditions, making it particularly valuable for characterizing therapeutic antibodies in situ. 
 
PROTOCOL: 
This protocol uses the established Jurkat E6.1 and U2OS cell lines and does not involve primary human or live animal materials. 

1. Cell seeding/landing and fixation

NOTE: The sample preparation follows standard immunofluorescence staining (IF) protocols, optimized to preserve the subcellular organization of plasma membrane proteins across different cell types. If an established immunostaining protocol exists for the target of interest, users may follow that protocol up to the sample-blocking step 1.2.14. Single-antibody labeling (SAL) relies on the cumulative detection of fluorescently labeled antibodies as they bind to their antigen at the single-molecule level. Fluorescently labeled antibodies diluted in an imaging buffer are added to the samples on the microscope stage, and fluorescent labeling occurs dynamically as the image acquisition progresses. No fluorescent labeling is performed during the sample preparation phase.

1.1. Prepare adherent cells, such as the U2OS cell line, as described in a previously published protocol24.

1.2. Cell suspensions

1.2.1. Maintain Jurkat T cells at a density of 1 x 105 to 1 x 106 cells/mL in 10 mL of complete RPMI media (RPMI 1640 supplemented with 10% (v/v) fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin) at 37 °C in a humidified incubator supplemented with 5% CO2. 

NOTE: The recommended 10 mL of complete media applies to T25 flasks; users should scale the volume accordingly when using different culture vessels.

1.2.2. Prepare the glass surface by adding 200 μL of 0.01% Poly-L-Lysine (PLL) solution to the wells intended for use in an 8-well chambered cover glass. Incubate overnight at 4 °C or for 2 h at 37 °C. 

1.2.3. Count the cells from culture using a hemocytometer, then transfer 3.5 x 104 cells to a 1.5 mL microcentrifuge tube. 

NOTE: The cell count may need to be adjusted to achieve a good distribution of single cells. A seeding range of 30,000–60,000 Jurkat T cells achieve an ideal density where single cells are clearly separated from one another without being too sparsely distributed. The cell count may need to be adjusted for a new cell type. 

1.2.4. Centrifuge at 300 x g for 3 min to obtain a cell pellet. Discard the supernatant and resuspend the cell pellet in 200 μL of pre-warmed (37 °C) 1x Dulbecco’s Phosphate Buffered Saline (DPBS). The resulting cell pellet will be visible as a small, white deposit at the bottom of the microcentrifuge tube. 

NOTE: Dispose of biohazardous waste according to the institution’s guidelines and all applicable local, state, and federal regulations.
 
1.2.5. Aspirate the PLL solution from the prepared chambered cover glass (step 1.2.2). If the PLL incubation takes place overnight at 4 °C, pre-warm the 8-well chambered cover glass to 37 °C before aspirating the solution.

1.2.6. Add the cell suspension from step 1.2.4. onto the PLL-coated chamber well. Incubate in a humidified incubator at 37 °C supplemented with 5% CO2 for 30 min to allow cells to attach to the surface. Mix the cell suspension thoroughly before plating and pipette up and down to break up cell clumps and ensure even distribution across the well.

1.2.7. Check the cell attachment to the glass surface using a light microscope. Under 10x magnification, focus the microscope onto the bottom of the cover glass. 

NOTE: Gently tapping the chambered cover glass while observing under the microscope may help assess whether the cells have attached to the surface or are still floating. 

1.2.8. Prepare 200 μL of the fixation buffer (4% paraformaldehyde and 0.1% glutaraldehyde in DPBS) and pre-warm it to 37 °C in a water bath. 

NOTE: The provided fixation buffer is optimized for CD81 and is generally suitable for preserving membrane proteins. For new membrane protein targets, the buffer composition may need to be adjusted to achieve optimal preservation. Users are encouraged to consult the literature for fixation conditions tailored to new targets.

CAUTION: Paraformaldehyde is toxic and carcinogenic. Glutaraldehyde is toxic and corrosive. Wear appropriate personal protective equipment (PPE) when handling this reagent. In the event of skin contact, immediately wash the affected area thoroughly with soap and water. Dispose of the reagent according to the user's institution’s guidelines and all applicable local, state, and federal regulations. 

1.2.9. Aspirate the DPBS from each sample well (from step 1.2.6) using a micropipette. 

NOTE: It is critical to perform all solution exchange steps slowly to avoid dislodging cells from the cover glass. Dispose of the biohazardous waste according to the user’s institution’s guidelines and all applicable local, state, and federal regulations.

1.2.10. Add 200 μL of pre-warmed 37 °C fixation buffer to a corner of the well and incubate at room temperature for 15 min. 

CAUTION: Paraformaldehyde is toxic and carcinogenic. Glutaraldehyde is toxic and corrosive. Wear appropriate personal protective equipment (PPE) when handling these reagents. In the event of skin contact, immediately wash the affected area thoroughly with soap and water. Dispose of the reagent according to the user's institution’s guidelines and all applicable local, state, and federal regulations. 

1.2.11. Wash the fixed cells 3x with 500 μL of DPBS. Skip this step if proceeding with step 1.2.12. 

1.2.12. Optional: Slowly remove the fixation solution and add 200 μL of freshly prepared 0.1% sodium borohydride in DPBS, then incubate at room temperature for 7 min. Skip this step and proceed to step 1.2.14 if not using sodium borohydride reduction. 

NOTE: The reduction with sodium borohydride helps quench autofluorescence generated by glutaraldehyde and neutralizes unreacted aldehydes. The release of hydrogen gas as a result of NaBH4 reacting with the aqueous solution will manifest as the release of bubbles. If the release of H2 is not observed, use a freshly made solution of NaBH4. 

CAUTION: Sodium borohydride is toxic and corrosive. Wear appropriate personal protective equipment (PPE) when handling this reagent. In the event of skin contact, immediately wash the affected area thoroughly with soap and water. Dispose of the reagent according to the user's institution’s guidelines and all applicable local, state, and federal regulations. 

1.2.13. Aspirate the sodium borohydride solution from each well, then wash three times with 500 μL of DPBS.

1.2.14. Prepare 200 μL of the blocking buffer and add it to the well. Incubate at room temperature for 30 min. Do not use a permeabilization reagent (e.g., TritonX-100, saponin), as it may remove membrane proteins. The membrane SAL (mSAL) protocol presented here for CD81 did not include a blocking step.

NOTE: A blocking buffer containing 5% (w/v) bovine serum albumin (BSA) in DPBS is recommended for mSAL with new targets. When using secondary antibodies, the corresponding serum is used for blocking. For example, 10% (v/v) goat serum in DPBS when using a goat-host secondary antibody. If an established blocking buffer recipe and a protocol exist for the target, users may follow that protocol. The blocking buffer can optionally be supplemented with isotype control antibodies or serum-derived antibodies to reduce off-target bindings of antibodies23,24. 
Only include a permeabilization reagent in the blocking buffer if the antibody targets an intracellular epitope of the membrane protein. 

1.2.15. For mSAL with dye-conjugated primary antibodies, directly proceed to step 1.2.20.

1.2.16. Prepare 150 μL of the primary antibody staining solution (antibody at desired concentration diluted in the blocking buffer). Skip this step for mSAL with dye-conjugated primary antibodies. 

NOTE: For primary antibody staining, refer to the vendor’s datasheet for recommended conditions. If concentration information is not provided, start with 4 μg/mL (27 nM) for full-length IgG23,24. 

1.2.17. Replace the blocking buffer with the primary antibody solution. Incubate at room temperature for 2 h or at 4 °C overnight in a humid chamber. Skip this step for mSAL with dye-conjugated primary antibodies. 

1.2.18. Wash the sample 2x with 400 μL of DPBS. Add 200 μL of blocking buffer to the well. 

1.2.19. Optional: Replace the blocking buffer with 200 μL of post-fixation buffer (4% paraformaldehyde) and incubate for 10 min at room temperature. 

NOTE: Post-fixation helps preserve sample blocking for SAL23,24. However, this step should be omitted if it reduces epitope accessibility. To assess the effect of post-fixation on epitope recognition by antibodies, perform standard immunofluorescence staining with and without post-fixation, and compare the staining quality. 

1.2.20. Optional: Wash the sample 2x with DPBS.

1.2.21. Add 200 μL of DPBS into each well and cover the chamber with a transparent film to prevent evaporation. Samples can be stored at 4 °C for up to 1 month. If performing mSAL immediately after step 1.2.14, or 1.2.19 without post-fixation, keep the sample in the blocking buffer and proceed directly to step 2.2.

NOTE: Maintaining the sample in DPBS supplemented with 5 mM sodium azide will prevent bacterial growth during storage. 

CAUTION: Sodium azide is acutely toxic and can be fatal if ingested. Wear appropriate personal protective equipment (PPE) when handling this reagent. In the event of skin contact, immediately wash the affected area thoroughly with soap and water. Dispose of the reagent according to the user's institution’s guidelines and all applicable local, state, and federal regulations. 

2. Image acquisition

NOTE: The imaging procedure for both adherent and suspension cells is similar and is performed using total internal reflection (TIRF) microscopy. However, imaging conditions should be optimized for each cell type. 

2.1. Allow stored samples (at 4 °C) to come to room temperature before imaging to prevent condensation on the glass. Skip this step if proceeding directly to imaging after sample preparation.

2.2. Power on the microscope system: microscope, sCMOS camera, laser unit, and the computer with the image acquisition software. Allow the microscope system to stabilize for 5-10 minutes after powering on to allow the system’s components to reach operating temperatures and minimize thermal drift. 
 
NOTE: mSAL can be performed using any TIRF microscope setup and compatible software. Power on the system according to the instrument’s instructions.

2.3. Apply immersion oil to a TIRF objective (e.g., 100x/1.49) and mount the chambered cover glass onto the microscope stage. 

NOTE: If the objective is equipped with a correction collar, ensure it is set to the correct thickness of the cover glass at 23 °C. The cover glass utilized in this study had a thickness of 0.13-0.17 mm. 

2.4. If equipped, engage the Perfect Focus System (PFS), then carefully raise the objective to the cover glass and bring the sample into focus. 

2.5. Prepare gold colloids as fiducial markers (1:2 dilution in ultra-pure water). Sonicate the gold colloids before dilution for 3 min to disperse aggregates. 

2.6. Gently aspirate the storage buffer (DPBS or blocking buffer) from the sample well and add 200 μL of the gold colloid solution to the sample. Incubate for 1 min and remove the solution. 

2.7. Use brightfield illumination to verify that enough gold colloids have been deposited before aspirating the solution. An ideal density consists of 5 to 10 gold colloids within the designated region of interest (ROI).

NOTE: Alternatively, TetraSpeckTM microspheres can be used at a dilution of 1:1000 in DPBS.

2.8. Wash 1x with 500 μL of ultra-pure water to remove excess gold colloids, then add 200 μL of DPBS. 

2.9. In the imaging software, create the optical configuration for the fluorophore (of the antibody probe), including the appropriate dichroic, laser excitation wavelength, and power density, camera integration time, emission filter, and camera pixel binning (if applicable). A pixel size of 150-160 nm is recommended to achieve optimal resolution. 

2.10. Create an optical configuration for a photobleaching step. A laser power of 380 W/cm2 or higher with a camera integration time of 1 s is recommended. 

NOTE: Photobleaching during acquisition helps minimize overlap between individual fluorescent antibody-binding events. The collected light can be directed through an emission filter with a non-matching wavelength to avoid camera saturation. 

2.11. Adjust the laser angle to establish TIRF illumination. Using brightfield illumination, identify a cell for mSAL. Ensure at least 5 gold colloids are visible within the ROI to correct stage drift during image reconstruction. Confirm autofluorescence from the gold colloids at the imaging laser power density. 

2.12. Set the imaging parameters: non-illuminating interval (NII), number of frames, and the frequency of photobleaching step (if required) in the image acquisition software. For mSAL of CD81 on U2OS and Jurkat T cells with CD81 antibody, optimal settings were an NII of 5 s, 2,000 total frames, and a photobleaching step every 5th frame. 

NOTE: These parameters must be optimized for each protein of interest, the antibody used for mSAL, and the cell type. Refer to step 3 for more details on optimization. The optimal number of frames may vary between the antibody-target as well as the cell type. For new target systems, capturing 2000-3000 frames is recommended as a starting point. NIIs extend image acquisition durations. For example, a 3000-frame mSAL acquisition with a 20 s NII results in ~17 h of acquisition time. 

2.13. Prepare the imaging buffer by diluting the CD81 antibody to a concentration of 1 μg/mL in 200 μL of 5% BSA (w/v) in DPBS. For mSAL of CD81, the final antibody concentration was 0.5 nM for Jurkat T cells and 2 nM for U2OS cells.

NOTE: The antibody concentration depends on the local substrate abundance and the affinity of the antibody. It is critical to optimize the antibody concentrations for each protein target, each antibody used for imaging, and each cell type. Refer to step 3.1 for more details on optimization.

2.14. Add the prepared imaging buffer to the well and start the acquisition.

3. Imaging parameter optimization

NOTE: mSAL imaging parameters are influenced by the protein expression, its local organization, and the choice of antibody used for imaging. The objective of optimizing imaging parameters is to identify the antibody concentration and NII that produce spatially resolved single-molecule events while maintaining sufficiently high densities to maximize the epitope sampling. 

3.1. Antibody concentration

3.1.1. Dilute the antibody to 0.5 nM for Jurkat cells and 2 nM for U2OS cells in 200 μL of 5% (w/v) BSA in DPBS and add the antibody solution to the well. For optimal single-antibody labeling, use an antibody concentration at or near its dissociation constant (KD); if KD is unknown, starting at 1 nM is recommended. 

3.1.2. Use the live-view function in the imaging software configured for mSAL to monitor antibody binding. 

3.1.3. Adjust the TIRF angle and imaging parameters to achieve a signal-to-noise ratio (SNR) of ≥ 3. 

NOTE: An optimal TIRF angle improves the SNR by limiting out-of-focus fluorescence from diffusing antibodies in the imaging buffer. A laser power density of 100–200 W/cm² and a 50 ms camera integration time can be used at the start. If the SNR is low, gradually increase laser power and/or the camera integration time and monitor the changes to the SNR until it reaches an optimal value. 

3.1.4. Configure the imaging parameters in the image acquisition software to obtain at least a 10-frame acquisition with an NII of 5 s (see step 2.8). 

NOTE: A 5 s NII is recommended as a starting point. An NII scan should be performed to identify the optimal NII for a new antibody-target system (step 3.2).

3.1.5. Start the acquisition. Evaluate the sparsity of single-molecule localizations of the recorded movie.

NOTE: Detailed steps on obtaining the localization density are described in a previous publication24. A single-molecule localization density between 0.02 and 0.15 events/μm² was found to be optimal for mSAL. 

3.1.6. If multiple overlapping antibody-binding events are observed immediately after adding the imaging buffer or single-molecule localizations accumulate over time as the recording progresses, abort the acquisition. Reduce the antibody concentration by 2-fold and repeat the acquisition on a new sample. Repeat this process of reducing the antibody concentration by 2-fold and reevaluating the number of events per unit area until the desired single-molecule localization event density is achieved.

NOTE: Overlapping events manifest as multiple large puncta that become brighter or larger upon the binding of a new antibody within the diffraction limit of the first antibody. 

3.1.7. If the event density is sparse, increase the antibody concentration in the imaging buffer by 2-fold and repeat the acquisition on a new sample. Repeat this process of increasing the antibody concentration by 2-fold and reevaluating the number of binding events per unit area until the desired single-molecule localization event density is achieved.

NOTE: It is recommended to use a fresh sample for each concentration optimization trial to avoid potential interference from pre-bound antibodies in subsequent localization density evaluations. 

3.2. NII optimization 

3.2.1. Configure the imaging parameters in the image acquisition software to obtain a 50-frame acquisition (see step 2.8). Set the NII to 0 (no delay). 

3.2.2. Prepare the imaging buffer to the optimized antibody concentration from step 3.1 and add it to the sample well. Start the acquisition. 

3.2.3. Repeat steps 3.2.1-3.2.2, adjusting NIIs to 1, 3, 5, 10, or 20 s. Perform each acquisition on a new sample. 

3.2.4. Evaluate the density and the sparsity of single-molecule localizations of the recorded movie (see steps 3.1.6-3.1.7). The lowest NII with the optimal single molecule event density is determined as the optimal NII. 

NOTE: The antibody concentration may need to be optimized further to achieve optimal single-molecule localization density for the corresponding NII. Refer to step 3.1. Previous reports show that longer NIIs (10–20 s) were more selective towards higher-density binding events, but extending the NII beyond 20 s did not yield additional improvement23,24. If spatially overlapping binding events occur as the image acquisition progresses, introduce a photobleaching step at intervals sufficient to remove fluorescence from bound antibodies. For example, if overlapping events appear by the fifth frame, apply photobleaching every fifth frame. The appearance of spatially overlapping events is described in the NOTE of step 3.1.8. 

4. Data analysis

NOTE: mSAL image reconstruction uses the free NIH software, Fiji29, with the ThunderSTORM30 plugin. Fiji version v1.54r and ThunderSTORM version 1.3 were utilized in this protocol. Detailed image analysis has been described in a previous protocol 24. In this section, we outline the analysis workflow used specifically for mSAL. Analysis presented in this protocol used a Prime95B sCMOS camera (serial number A18B203004) with photoelectrons per A/D of 0.98, and the camera base level of 100. The imaging pixel size set to 147 nm. 

4.1. Set the parameters for the reconstruction in the Run Analysis window. The parameters used for CD81 mSAL image reconstructions are described below. The Preview function should be used to evaluate the detected single-molecule binding events in the selected frame before running the full analysis. 
Image Filtering: 
Filter: Wavelet filter (B-spline)
B-Spline order: 2
B-Spline scale: 4
Approximate localization of molecules:
Method: Local Maximum
Peak intensity threshold: std(Wave.F1)
Connectivity: 8-neighbourhood 
Sub-pixel localization of molecules:
Method: PSF: Integrated Gaussian 
Fitting radius [px]: 2
Fitting method: Maximum likelihood
Initial sigma [px]: 0.75
Multi-emitter fitting analysis: not selected 
Visualization of the results:
Method: Normalized Gaussian
Magnification: 7.3
Update frequency [frames]: 50
Lateral uncertainty: 20

NOTE: The pre-filtering parameters are used to enhance single-emitter detection over the background. They serve as starting points but should be optimized for each dataset. The approximate localization and detection method parameters are used for single-molecule binding events. Using local intensity maxima with 8-neighborhood connectivity is shown to provide reliable performance31. The integrated Gaussian method with maximum-likelihood fitting was selected as it is widely used and provides a reliable approximation of the point spread function (PSF) in single-molecule imaging applications32–35. The visualization method used in this protocol is Normalized Gaussian. Users may select the visualization method that best suits their data. The magnification was set to yield a reconstructed pixel size of 20 nm, which is appropriate for the expected localization precision achievable with antibody-based labeling, where the linkage error is on the order of ~10 nm. The magnification factor of 7.3 was calculated by dividing the diffraction-limited pixel size by the desired reconstructed pixel size (147 nm / 20 nm = 7.3). The update frequency determines how often the reconstructed image is refreshed during processing, but it does not influence the final result. The lateral uncertainty is set to 20 (but not forced) so that the reconstruction incorporates the calculated localization uncertainties. For additional details on available options, refer to the ThunderSTORM User Guide30 or click the question mark next to the input field. 

4.2.	Start the ThunderSTORM analysis with an initial sigma of 1.6 pixels and a fitting radius of 3. Refine the parameters as needed. Multi-emitter fitting was not used, as event densities were kept non-overlapping in the diffraction-limited images. 

4.3. Click Ok to run the reconstruction. Once complete, the results window will automatically open. 

4.4. Use the Plot histogram function to find the peak sigma. Convert this value (nm) to pixels by dividing by the raw data pixel size, then rerun the ThunderSTORM analysis using the new value for initial sigma and the fitting radius set to an integer close to 3x initial sigma30.

4.5. Determine the drift correction using the selected fiducial marker24. 

4.6. Perform image reconstruction over the full field of view and apply the calculated drift correction.

4.7. For post-processing of the image, click the Filter tab of the results window. Apply filters to remove poorly localized events. In the displayed results for CD81, events with sigma greater than 200 nm and uncertainty greater than 20 nm were removed. Use the Plot histogram function to examine the sigma distribution and determine an appropriate cutoff. 

NOTE: Single-molecule localizations with large sigma values typically arise from dim fluorophores with low photon counts or from overlapping emitters. Localizations with an uncertainty greater than 20 nm were also removed, as an uncertainty exceeding the final pixel size indicates poor localization accuracy. For additional guidance on filtering parameters, refer to the ThunderSTORM User Guide30.

4.8. Save the results table with single-molecule localization data for downstream analyses by selecting Export. The exported file will be in .csv file format and referred to as mSAL.csv in this protocol. Save the resulting Normalized Gaussian image. 

5. Cluster analysis 

NOTE: During epitope probing at concentrations close to the antibody KD, antibodies interact with their intended targets (specific interactions) as well as off-target molecules (non-specific interactions). Because mSAL relies on the cumulative detection of single antibody-antigen binding events, some non-specific interactions inevitably contribute to the reconstructed image. Antibody-epitope interactions exhibit distinct kinetic fingerprints that can, in principle, distinguish specific from non-specific binding, where specific and non-specific events are differentiated by their local interaction densities, rather than by single-molecule dwell times36. Here, a density-based spatial clustering of applications with noise (DBSCAN)37 analysis is described to remove low-density events, retaining high-density events that are more likely to reflect specific antibody binding. In addition, density-based clustering can also provide quantitative insights into nanoscale spatial organization of proteins, particularly those known to naturally organize into clusters, such as CD81 into tetraspanin-enriched microdomains38–42. The provided DBSCAN analysis was performed using MATLAB 2025a. For users without access to MATLAB, performing similar DBSCAN analyses with open-source alternatives such as Python or R43–45 is recommended. The code utilized in this protocol can be obtained from: https://github.com/nrams12/DBSCAN_SAL_Clusterer/tree/main.

5.1. Running the code

5.1.1. Download the MATLAB file from the GitHub link above. 

5.1.2. Start MATLAB and open the code. On lines 37 and 38, set the minimum number of points (minPTS) and epsilon for the clustering parameters. The following parameters were utilized:
Jurkat T cells: 
minPTS: 7
Epsilon: 60
U2OS cells:
minPTS: 7
Epsilon: 80

NOTE: See step 5.2 for further details on optimizing these parameters. 

5.1.3. Set the filepath in the MATLAB software to the folder that contains the reconstructed mSAL.csv file. 

5.1.4. Run the code by clicking Run. The code will prompt the user to select a file. Select the mSAL.csv file and click Open. 

5.1.5. The clustered data is automatically saved into the folder named MATLAB Data in the filepath designated within the code. Open this file in ThunderSTORM by clicking Plugins > ThunderSTORM > Import/Export > Import results.

5.1.6. Save the resulting single-molecule localization microscopy image.

5.2. Optimization of the clustering inputs

NOTE: The two input parameters for the DBSCAN algorithm are the minPTS and epsilon. Epsilon defines the radius around a point to establish its neighborhood, while minPTS specifies the minimum number of points within that neighborhood required to form a dense region. Points that satisfy this density requirement are classified as core points, and their neighborhoods are recursively added to the cluster. Points that do not meet the density requirement but fall within the neighborhood of a core point are labeled as border points, while all remaining points are considered noise points. 

5.2.1. Run the analysis using the inputs described above (step 5.1.2) as a starting point. Choose a minPTS value that is higher than the number of noise localizations but lower than the number of localizations on the cell. After selecting minPTS, adjust epsilon so that this number of localizations can be captured within the neighborhood radius for representative on-cell regions. 

NOTE: minPTS and epsilon can be adjusted independently of each other. A practical approach to selecting these parameters is to first examine the scatter plot of noise points outside the cell and compare them to the number of localizations observed within similar-sized areas on the cell. 

5.2.2. Evaluate the window labeled Figure 2 depicting the clustered data. If the data retains clusters on the cell containing the expected phenotype with minimized localizations outside the cell, the clustering inputs are adequate. 

NOTE: The clustered data should retain the structure of the data acquired using mSAL. If the clusters appear small, localized to only the very high-density regions of the original data, and exclude a significant number of binding events that correlate with the expected phenotype, the clustering parameters may be too restrictive. If the nonspecific binding outside the cell is not sufficiently reduced with large clusters, the clustering parameters may be too inclusive. 

5.2.3. If the clustering parameters are too restrictive, decrease the minPTS and increase the epsilon to include more points in the clustered data. If the clustering parameters are too inclusive, increase the minPTS and decrease the epsilon. 

5.2.4. After adjusting the minPTS and epsilon, rerun the code. Repeat steps 5.2.2-5.2.3 until optimal clustering is achieved. 

6. Validation of antibody binding to its target

NOTE: For membrane proteins with no well-defined morphology, validating the accuracy of the resolved structures can be challenging. To validate the specificity of the antibodies, users may express a fluorescent protein (FP) fusion of the target protein. As an initial check, conventional immunofluorescence staining can be performed on cells expressing the FP fusion. For more precise validation when assessing new antibodies, mSAL can be performed on the FP-expressing cells to confirm that localized binding events correspond to the fluorescently tagged target. Here, a protocol for transfecting U2OS cells with CD81-mStayGold is described as an example, enabling confirmation that CD81 mSAL localizations correspond to the FP-labeled CD81 on the cell surface. Users may substitute any suitable fluorescent protein, provided its emission does not overlap with the fluorescence channel of the antibody being validated.

6.1. Seed U2OS cells in an 8-well chamber slide and grow to ~70% confluency. Maintain cells in 200 μL of complete growth media (DMEM supplemented with 10% (v/v) fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin). 

6.2. Combine 100 ng of the DNA construct encoding the protein with a fluorescent reporter with 5 μL of Lipofectamine 2000. Vortex for 30 s and incubate for 30 min at room temperature.

NOTE: This study utilized CD81 fused to mStayGold. Standard molecular cloning techniques were employed in generating DNA plasmids, though these are not described in this protocol. The DNA: Lipofectamine ratios provided are optimized for cells seeded in 8-well chamber slides and may need adjustment according to the manufacturer’s instructions for other sample formats.

6.3. Add 5 μL of DNA/Lipofectamine solution to cells. Incubate the chamber slide for 4 h at 37 °C, supplemented with 5% CO2 in a humid environment. 

6.4. Replace the media with pre-warmed complete growth media. Incubate for > 8 h at 37 °C supplemented with 5% CO2 in a humid environment to allow detectable levels of protein expression.

6.5. Assess fluorescence expression levels on the cells using a fluorescence microscope or an imager. A transfection efficiency of ≥ 30% is recommended. If fluorescence expression levels are suboptimal, optimize the DNA: Lipofectamine ratio according to the manufacturer’s guidelines.
 
NOTE: Transiently expressing cells should be used for antibody validation within 24-48 h post-transfection. 

6.6. To fix the cells, please follow steps 1.2.8-1.2.13. 

6.7. Store the fixed samples in 200 μL of DPBS with 5 mM sodium azide until ready for imaging. Samples can be stored at 4 °C for up to 1 month. 

CAUTION: Sodium azide is acutely toxic and can be fatal if ingested. Wear appropriate personal protective equipment (PPE) when handling this reagent. In the event of skin contact, immediately wash the affected area thoroughly with soap and water. Dispose of the reagent according to the user's institution’s guidelines and all applicable local, state, and federal regulations. 

6.8. Follow steps 2.1-2.12 to set up the microscope and mount the sample. Identify a cell expressing the protein of interest using the fluorescence signal.

6.9. For reference, capture a TIRF image of the cell. If a fluorescent protein in the same imaging channel as the mSAL antibody is used, perform photobleaching of the fluorescent protein. To photobleach the protein, utilize the maximum laser power for > 10 min until no signal is observed. 

6.10. Add the prepared imaging buffer to the well and start imaging. Analysis should be completed as described previously (step 4). 

6.11. Open both the reconstructed image and the TIRF image of the fluorescent protein acquired prior to the mSAL acquisition. Assess mSAL antibody binding locations by comparing the appearance and localizations of the expressed protein, depicted in the diffraction-limited TIRF image, to the mSAL image. 
 
RESULTS: 
The mSAL technique described in this protocol enables visualization of single antibody binding events to their corresponding plasma membrane protein targets, producing a super-resolution map of membrane protein distribution. CD81 is used here as a representative example, though the approach is readily adaptable to other membrane proteins. 

Immobilizing Jurkat T cells with sufficient spacing between cells ensures membrane epitope accessibility by antibodies and glass surface for fiducials to settle (Figure 1A). In addition, pipetting techniques can directly affect the preservation of delicate membrane structures. Therefore, it is encouraged to pipette gently during solution exchange steps. Pipetting the solution into a corner of the well while holding the sample chamber at an angle helps prevent the solution flow from dislodging cells and disrupting the delicate membrane structures (Figure 1B). 

Gold colloids are added as fiducial markers to correct for any lateral stage drift during the image reconstruction. The perfect focus system (PFS) on the microscope system maintains the sample in focus during long-term imaging by automatically correcting for focus drift using near-infrared light to track the coverslip surface and continuously adjusting the objective height. If using antibodies conjugated to a near-infrared-exciting fluorophore, the PFS function should be disabled. It is necessary to confirm the presence of sufficient gold colloids in the field of view before imaging. Figure 2A, B displays a U2OS cell in brightfield (Figure 2A) and 488 nm (Figure 2B) channels, with white arrows indicating the locations of the gold colloids. Gold colloids exhibit autofluorescence under laser illumination. It is important to note that while gold colloids may appear in the brightfield view, not all colloids exhibit visible autofluorescence in the fluorescent channels. After confirming a sufficient number of gold colloids in the region of interest, the illumination angle must be adjusted to or right below the critical angle for total-internal-reflection (TIR) or highly inclined and laminated optical sheet (HILO) illumination. If the incident angle of laser illumination is suboptimal, it may reduce the signal-to-noise ratio (SNR) of the single-molecule events by increasing the background signal (Figure 2C,D). 

Imaging parameters such as antibody concentration, NII, and the frequency of photobleaching steps significantly affect the quality of the reconstructed image. Thus, optimizing these parameters is crucial to maintaining sufficient single-molecule densities in each frame without spatial overlap. Spatial overlap in single-molecule binding events reduces the accuracy of single-emitter fitting during downstream analysis. An NII scan can be performed to identify the optimal time-lapse interval, where several NIIs are tested to monitor the antibody binding kinetics at a given antibody concentration (Figure 3A). While stage drift is observed during mSAL acquisitions, it does not influence the evaluation of single-molecule localization density for NII optimization, because the emitter sparsity is assessed within individual frames and reflects the antibody binding rate in a single frame rather than the accumulation of events across the acquisition. Our previous work demonstrates that increasing concentration and decreasing the NII to maximize the number of images acquired in each time frame increases the amount of nonspecific binding captured during imaging23. For CD81, 1 nM antibody concentration and an NII of 0 or 1 s only captured minimal binding events between the first and tenth frames. Upon an increase of the NII to 20 s, several binding events occurred between the first and tenth frames, which manifested as multiple large puncta, suggesting high spatial overlap. However, an NII of 5 s revealed several binding events between the first and tenth frames, with minimal spatial overlap. With this observation, we proceeded with an NII of 5 s. Thereafter, we reduced the antibody concentration to 0.5 nM to further minimize the spatially overlapping events between images and monitored accumulation over several frames (Figure 3B). At frame 5, several binding events are observed that are not spatially overlapping. By frame 10, some larger puncta can be observed, indicating the presence of spatially overlapping events. Therefore, a photobleaching step was implemented after every fifth frame during the acquisition. 

For drift correction, the selected fiducial marker should be visible within the selected region through the entire acquisition. The reconstruction parameters may need adjustments between the analysis of the gold colloid and the full image reconstruction. After saving the drift correction file, reconstruct the entire field of view (Figure 4A) and apply the drift correction and filtering (Figure 4B). The resulting mSAL image and individual localizations can then be saved. The resulting mSAL image provides a histogram of the interactions between the antibody and its epitopes on the cell. 

Antibodies can exhibit off-target binding46. In SAL, off-target events may manifest as low-density interactions23. Depending on the membrane protein of interest, it may naturally exist in a clustered organization, such as the tetraspanin CD81, known to associate with itself and form tetraspanin-enriched microdomains38–42. A clustering algorithm can be employed to discern high-density binding events from low-density, nonspecific binding. To this end, a density-based spatial clustering of applications with noise (DBSCAN) implementation, compiled in MATLAB, was used to cluster the single-molecule binding events based on local epitope density. Figure 5A displays a scatter plot of the CD81 mSAL localizations on a Jurkat T cell prior to clustering, and Figure 5B displays the corresponding normalized Gaussian rendering. Figure 5C displays the scatter plot of the clustered mSAL localizations after DBSCAN. The colors are assigned to individual clusters identified by the algorithm. A .csv file is exported containing the clustered single-molecule localizations. The .csv file can then be imported back into ThunderSTORM, and a normalized Gaussian image of the clustered localizations can then be created (Figure 5D). 

Unlike larger organelles and cellular structures, such as mitochondria or microtubules, membrane proteins typically lack readily identifiable structures when labeled with fluorescent markers. Therefore, the antibody specificity may need to be validated by non-imaging methods. Nevertheless, a fluorescent protein (FP)-based approach enables a visual comparison between mSAL localizations and the known distribution of the tagged protein, providing a visual assessment of the membrane structure on which the target protein is distributed (Figure 6A). After the mSAL image is reconstructed (Figure 6B) and processed using DBSCAN (Figure 6C), the binding locations of the antibodies can be compared to the areas showing fluorescence intensity in the diffraction-limited image. The reconstructed super-resolution image can also reveal fine membrane features, such as the microvilli (Figure 6D). As a negative control for mSAL, dye-conjugated isotype control antibodies may be used. Overall, the combination of mSAL, density-based clustering analysis, and antibody binding validation establishes a workflow capable of uncovering the spatial distribution of membrane protein targets, such as CD81, and the nanoscale membrane topology, such as the microvilli.

FIGURE AND TABLE LEGENDS: 
Figure 1: Preparation of Jurkat T cells for mSAL. (A) Brightfield image with 10x magnification of Jurkat T cells after landing on a poly-L-lysine surface for 30 min. (B) Image showing the recommended angle for the slow addition of the fixation solution to best preserve fine membrane structures. 

Figure 2: Fiducial markers and single-molecule images between total-internal-reflection fluorescence (TIRF) and highly inclined laminated optical sheet (HILO) for mSAL acquisition. (A) Brightfield image of a U2OS cell. Arrows indicate the location of gold colloids. (B) TIRF image of the same U2OS cell with 488 nm laser excitation. Arrows indicate the location of visible gold colloids. (C) TIRF and (D) HILO images of the same U2OS cell during mSAL imaging. Scale bars: 10 μm. 

Figure 3: Optimization of the NII and photobleaching step. (A) TIRF images of the same cell imaged with NIIs of 0 s, 1 s, 5 s, and 20 s, showing the accumulation of antibody binding events between the first and tenth frame with an antibody concentration of 1 nM. (B) TIRF images of a Jurkat T cell at different frames displaying the accumulation of antibody binding events with a 5 s NII and an antibody concentration of 1 nM. Scale bars: 2 μm. 

Figure 4: mSAL data image reconstruction. (A) Reconstructed image of the mSAL acquisition prior to drift correction. A magnified view of the boxed region is shown to the right. (B) Reconstructed image of the mSAL acquisition after drift correction and filtering. A magnified view of the boxed region is shown to the right. Scale bars: 2 μm (A whole cell, B whole cell) and 500 nm (A magnified, B magnified). 

Figure 5: Density-based cluster analysis minimizes nonspecific binding background in mSAL data for a Jurkat T cell. (A) Scatter plot of mSAL data. Magnified views of the boxed regions are shown below. (B) Normalized Gaussian image of the unclustered mSAL data. Magnified views of the boxed regions are shown below. (C) Scatter plot of clustered mSAL data using DBSCAN. Magnified views of the boxed regions are shown below. Colors represent distinct clusters. (D) Normalized Gaussian image of the clustered mSAL data using DBSCAN. Magnified views of the boxed regions are shown below. Scale bars: 2 μm (whole cell), 500 nm (medium magnified), and 100 nm (fully magnified). 

Figure 6: Validation of mSAL with CD81-mStayGold in a U2OS cell. (A) TIRF image of CD81-mStayGold. Magnified views of the boxes are shown to the right. (B) mSAL reconstructed image. Magnified views of the boxes are shown to the right. (C) mSAL reconstructed image after DBSCAN filtering. Magnified views of the boxes are shown to the right. (D) Line profiles of the lines in the magnified views in panels (A-C). Scale bars: 10 μm (whole cell), 1 μm (middle magnified), and 250 nm (right magnified). 

DISCUSSION: 
The organization of membrane proteins on the plasma membrane of the cell is vital to the regulation of their function. Typical immunofluorescent techniques are limited by the diffraction limit of light, masking their nanoscale organization. SMLM overcomes this limitation by achieving spatial resolutions of 10–20 nm47, enabling the characterization of their nanoscale assemblies10,48,49. Photoactivated localization microscopy and dSTORM utilize photoswitching of fluorescent proteins or molecules, which results in clustering artifacts from repeated detection of the same fluorophore during different switching cycles50. The single-molecule detections depend on the photoswitching properties of the fluorophore and therefore do not fully represent the local epitope concentration51–55. PAINT-based techniques address this limitation by relying on single-molecule detections that occur through the transient binding and unbinding of probes to their targets56–59. mSAL is a PAINT-based technique that records single antibody-antigen interactions that constitute the single-molecule detections, thereby providing a readout of relative local epitope density. The direct probing of epitopes by antibodies can be leveraged to obtain semi-quantitative analysis of the local epitope organizations. SAL and mSAL offer several advantages over existing SMLM techniques. It can be performed on a standard TIRF microscope using any commercially available antibody and is compatible with both dye-conjugated primary or secondary antibodies. As mSAL does not depend on the photophysical properties of fluorophores, it supports the use of virtually any existing fluorophore and enables flexible multiplexing. The presence of multiple fluorophores per antibody also provides higher SNR for single-molecule events. However, mSAL is limited in throughput, and the slow binding kinetics of antibodies lead to longer NII and extended imaging times compared to standard SMLM techniques. Depending on the NII, mSAL could be 3-17 times slower than dSTORM and DNA-PAINT. A typical mSAL acquisition needs ~2000 frames. At a 5 s NII, the total imaging time is ~3 h, and at a 20 s NII, the total imaging time is ~12 h. In contrast, typical dSTORM and DNA-PAINT acquisitions require 50,000-100,000 frames, but can be completed within 45 min to 1 h, owing to the rapid photoswitching kinetics of fluorophores in dSTORM and the fast DNA-oligo hybridization in DNA-PAINT. In addition, slow off-rates of certain antibodies may reduce achievable labeling densities, and labeling efficiencies depend strongly on the antibody and cell type used. Nonetheless, with optimized imaging parameters, our previous publications23,24 demonstrate that SAL achieves labeling densities that reflect local epitope distributions and yield super-resolution comparable to dSTORM and DNA-PAINT. As such, mSAL is best suited to applications requiring accurate representation of local nanoscale epitope arrangements and evaluating individual antibody-epitope interaction dynamics, whereas dSTORM and DNA-PAINT remain preferable for experiments prioritizing faster super-resolution imaging. In addition, sample preparation using the immunostaining process involves several buffer exchanges and washing steps, which can inadvertently disrupt delicate membrane structures, such as retraction fibers or microvilli. mSAL with dye-conjugated antibodies overcomes this challenge by eliminating the need for additional wash steps, as sample staining occurs simultaneously with image acquisition. 

Time-lapse mSAL facilitates the evaluation of antibody labeling directly in cellular environments for super-resolution microscopy. This technique constitutes a robust approach for multiplexed SMLM23. The successful implementation of this strategy requires careful optimization of both dye-conjugated antibody concentration and NII. Appropriate antibody concentrations are necessary to achieve sufficient labeling density for single-molecule detection, while avoiding excessive signal overlap that diminishes spatial resolution. Likewise, optimization of the NII reduces temporal overlaps between fluorescent events and enhances selectivity for high-density binding interactions, thereby improving signal discrimination.

Collectively, these optimizations ensure accurate single-molecule localization and enhance the fidelity of super-resolution image reconstruction. The optimal antibody concentration for the CD81 antibody was 0.5 nM in Jurkat T cells and 2 nM in U2OS cells, paired with a 5 s NII. The photobleaching step was added after every 5 frames to reduce the capturing of accumulated single-molecule events. After acquiring 2,000 frames, the reconstructed images revealed the super-resolved distribution of CD81 on the cell membrane and microvilli.

Previous work on SAL23,24 demonstrated that specific binding events are localized as areas of high binding density, dependent on the local epitope concentration. Whereas conventional IF staining eliminates some nonspecific binding during washing steps, mSAL retains both specific and nonspecific events. To identify high-density regions, the clustering algorithm DBSCAN was applied to the mSAL antibody binding events. This approach is particularly useful for membrane proteins that are naturally organized into clusters, such as tetraspanins like CD8138–42. Applying a clustering algorithm also helps to remove the nonspecific binding. Although some nonspecific events outside the cell remained, DBSCAN removed a substantial amount of isolated, low-density single-molecule detections that were likely nonspecific. While complete removal of low-density events outside the cell is expected, it should be noted that, as with any clustering approach, there is an inherent compromise between noise reduction and data preservation in DBSCAN to ensure that the reconstructed image accurately reflects the underlying cluster. The clustering process may exclude some true binding events; however, the reduction in nonspecific background often outweighs the loss of a small fraction of specific detections. Although systematically quantifying the exclusion rate of specific events would be ideal, it is difficult to determine whether any individual event is truly specific without an independent reference. Given the complexity of protein-protein interactions, such benchmarking remains challenging. As a practical alternative, users can either assess the exclusion rate of events occurring outside the cell boundary or use a negative control mSAL acquisition with a relevant dye-conjugated isotype control antibody, where all detections are unequivocally nonspecific. While clustering-based filtering may slightly underestimate absolute event counts, the relative epitope distributions and comparative analyses in high-density areas remain reliable, as the filtering removes low-density (likely nonspecific) events rather than high-density (likely specific) events, preserving the semi-quantitative nature of mSAL.

Common challenges in applying the mSAL technique include suboptimal antibody concentrations relative to epitope density, slow antibody binding kinetics, suboptimal NII values, improper reconstruction parameters, and unsuitable DBSCAN inputs. Selecting an appropriate NII and antibody concentration combination is critical, and we encourage users to carefully review steps 3.1 and 3.2 of the protocol. Multiple iterations are often necessary to identify suitable conditions. Accurate reconstruction is equally essential, as inappropriate ThunderSTORM parameters can noticeably degrade image quality. Users are therefore encouraged to understand how each parameter influences localization detection and fitting before performing mSAL reconstruction. Lastly, the DBSCAN input parameters are crucial for achieving meaningful clustering of the single-molecule binding events. We recommend that users first inspect a scatter plot of noise localizations outside the cell or localizations of a negative control mSAL (with a corresponding isotype control) and compare it with representative localizations in the cell. The chosen minPTS within the epsilon should be greater than the noise localizations but below the localizations of true on-cell events, and epsilon should be large enough to encompass at least the minPTS threshold for on-cell clusters. 

In addition to CD81, mSAL can be readily extended to a wide range of membrane proteins, including clinically relevant immunotherapeutic targets on the plasma membrane60–62. Therapeutic antibodies act through direct interactions with extracellular epitopes. Therefore, visualizing how these antibodies interact with their targets at the nanoscale can provide further insight into their target interaction efficiency as well as the off-target interaction tendencies of a therapeutic antibody. mSAL using therapeutic antibodies will provide insights into the spatial distribution and accessibility of their epitopes, as well as their interaction dynamics in the native cellular environment, which can guide the rational design of new therapeutic antibodies. 

In conclusion, we present a technique for capturing and mapping the nanoscale organization of membrane proteins by probing their distribution with low concentrations of antibody. The advantages of this technique include reduced solution exchange to preserve fine membrane structures, semi-quantitative labeling of target proteins, and the versatility to be applied to any antibody-epitope system, including therapeutic antibodies and their corresponding membrane protein receptors. 
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