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SUMMARY: 
This protocol describes a label-free optical diffraction tomography-based workflow for real-time imaging and quantitative analysis of macrophage morphodynamics. The method enables continuous tracking of single-cell morphology and migration, providing time-resolved measurements of projected area, perimeter, and average migration speed during long-term live-cell imaging.

ABSTRACT: 
This study establishes a label-free optical diffraction tomography (ODT)-based workflow for live-cell imaging and analysis to observe time-dependent morphological changes in macrophages. The method enables continuous recording of single-cell morphology and movement over extended periods under stable environmental conditions and allows extraction of quantitative parameters, including projected area, perimeter, and average migration speed. This workflow provides a practical approach for capturing dynamic cellular behaviors at the single-cell level without exogenous labeling. Using RAW264.7 macrophages as a model, time-lapse imaging was performed under lipopolysaccharide stimulation with baicalin pretreatment to capture dynamic cellular changes under different conditions. Representative cells were selected for tracking and quantitative analysis. The results show that this workflow supports stable long-term single-cell tracking and reflects temporal changes in cell morphology and motility. This approach provides a label-free method for observing dynamic cellular behaviors in response to different stimuli and can serve as a useful complement to conventional endpoint-based assays. It may also be applicable to other adherent cell types for studies of cell morphodynamics.

INTRODUCTION: 
Macrophages play a central role in innate immune responses and tissue homeostasis, and their functional states can dynamically change in response to microenvironmental stimuli. Traditionally, macrophages have been described as adopting pro-inflammatory or anti-inflammatory/repair-associated phenotypes1,2. However, increasing evidence suggests that macrophage activation is a continuous and plastic process rather than a discrete binary state3,4. Under different stimuli, macrophages undergo gradual changes over time, accompanied by alterations in cell morphology and migratory behavior5. Therefore, time-resolved characterization of morphological and migratory changes at the single-cell level provides an important approach for studying dynamic cellular responses.

Current approaches for studying macrophage states mainly rely on immunostaining, flow cytometry, and transcriptomic or proteomic analyses6. These methods are typically based on fixed samples or discrete time points, which limits their ability to track continuous changes in the same cell under live conditions7. Fluorescence-based live-cell imaging enables dynamic observation but may be affected by phototoxicity and photobleaching during long-term experiments8,9. Optical diffraction tomography (ODT) is a label-free imaging technique that reconstructs the three-dimensional refractive index distribution of cells to provide quantitative structural information10. As it does not require exogenous labeling, ODT is suitable for long-term live-cell imaging and reduces perturbation to cellular behavior. In recent years, ODT has been applied to dynamic studies in various cell models11, with previous studies primarily focusing on imaging capability and structural characterization. In contrast, the present study establishes a standardized, label-free workflow for long-term, time-resolved single-cell analysis of macrophage morphodynamics under a defined in vitro stimulation condition.

The workflow is demonstrated using an in vitro RAW264.7 macrophage model with lipopolysaccharide (LPS) stimulation and Baicalin (BAI) pretreatment. BAI was used as a representative experimental modulator to establish a defined condition for demonstrating the workflow. Continuous imaging enables the extraction of quantitative single-cell parameters, including projected area, perimeter, and average migration speed, allowing time-resolved characterization of morphological and behavioral changes. This approach is intended to provide a descriptive analysis of dynamic phenotypic changes rather than to define functional states or polarization, and may serve as a complementary method to endpoint-based assays by providing temporal information. The workflow is validated in this model system and is potentially applicable to other adherent cell types.

PROTOCOL: 
1. Macrophage culture 
CAUTION: Perform all procedures in a biosafety cabinet while wearing laboratory gloves and a lab coat.

1.1. Prepare complete culture medium (high-glucose Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% foetal bovine serum (FBS) and 1% penicillin–streptomycin).

1.2. Thaw a vial of RAW264.7 macrophage cells in a 37 °C water bath for less than 1 min.

1.3. Transfer the cell suspension to high-glucose DMEM supplemented with 10% FBS and 1% penicillin-streptomycin.

1.4. Centrifuge at 300 × g for 5 min.

1.5. Discard the supernatant.

1.6. Resuspend the cells in fresh complete medium.

1.7. Seed cells into 60 mm dishes at 2–5 × 10⁵ cells per dish.

1.8. Incubate cells at 37 °C with 5% CO₂.

1.9. Do not change the medium within 12–24 h after thawing.

1.10. Replace the medium every 2–3 days.

1.11. Monitor cell morphology using an inverted microscope.

1.12. Passage cells at 80–90% confluence by gentle pipetting.

NOTE: Avoid using trypsin. Use cells at passages 6–18. Select cells with uniform morphology and no vacuolization for experiments. The cell line was authenticated by STR profiling and subjected to quality control testing. Detailed reports and an English summary are provided in Supplementary Files.

2. Cell treatment

2.1. Collect cells in the logarithmic growth phase by gentle pipetting.

2.2. Resuspend cells in complete medium.

2.3. Measure cell density using a cell counter.

2.4. Adjust the cell density to 4 × 10⁴ cells/mL.

2.5. Seed 2 mL of cell suspension into each 35 mm dish.

2.6. Assign dishes to two groups: (i) LPS group, (ii) BAI + LPS group.

2.7. Incubate cells at 37 °C with 5% CO₂ for 12–16 h.

2.8. Prepare a 50 mM BAI stock solution in DMSO. Store the BAI stock solution at −20 °C.

2.9. Add BAI to the BAI + LPS group to a final concentration of 100 µM. Dilute the BAI stock solution directly in culture medium to achieve the final working concentration.

2.10. Add an equal volume of DMSO to the LPS group.

2.11. Prepare LPS stock solution (1 mg/mL) in complete medium.

2.12. Add LPS to both groups to a final concentration of 1 µg/mL. Dilute the LPS stock solution directly in culture medium to achieve the final working concentration.

2.13. Proceed immediately to imaging and do not change the medium during imaging.

3. Optical diffraction tomography acquisition

3.1. Turn on the ODT imaging system and start the environmental control module.

3.2. Set the stage temperature to 37 °C.

3.3. Set the CO₂ concentration to 5%.

3.4. Allow the system to equilibrate for at least 20 min.

3.5. Place the culture dish on the imaging stage.

3.6. Use a 60x objective (NA = 1.42) to locate cells.

3.7. Select isolated cells with clear boundaries for imaging.

3.8. Open the acquisition software.

3.9. Set the imaging interval to 8 min.

3.10. Set the total number of frames to 180.

3.11. Enable the autofocus function to maintain focus during time-lapse imaging.

3.12. Start time-lapse acquisition.

3.13. Monitor system stability during acquisition.

NOTE: Autofocus stabilization was applied throughout the experiment to minimize focal drift.

4. Image reconstruction and quantitative analysis

4.1. Open the reconstruction software (Intellyseg, v2.1.0).  

4.2. Click "Data Processing", then select "Import Raw Data".

4.3. Browse to the folder containing the raw data.  

4.4. Select the target file and import the dataset.  

4.5. Wait until the progress bar is complete, then click “Process” to perform image reconstruction using the standard algorithm implemented in the software12.

4.6. Open the analysis software.

4.7. Click “Import Data” and load the reconstructed dataset.

4.8. Open the “Cell Analysis” module.

4.9. Click “Cell” to perform automatic segmentation using consistent settings across datasets13.

4.10. Select cells based on the following criteria: (i) no overlap with neighboring cells,  (ii) not in contact with image boundaries, (iii) continuously trackable throughout the time series.

4.11. Select a fixed number of cells (n = 8) per field of view for consistent analysis across datasets.

4.12. Open the “Long-term Tracking” module.

4.13. Enter the start frame and end frame.

4.14. Click “Track” to initiate tracking, which is based on cell position consistency between consecutive frames14.

4.15. Manually correct tracking errors if necessary to ensure trajectory continuity: (i) Right-click incorrect masks and select “Delete Item”, (ii) Open “Manual Segmentation”, (iii) Select “Cell” and click “Add”, (iv) Use “Click” or “Box” to add correct masks.

4.16. Click "Export", then select "Data Export".

4.17. Select “Video Export” and choose output elements.

4.18. Enter the start and end frames.

4.19. Select the save path and file format.

4.20. Click “OK” to export the video.

4.21. Click "Export", then select "Chart System".

4.22. Select “Track Chart”.

4.23. Choose “Cell” as the segmentation category.

4.24. Enter the tracking frame range.

4.25. Select output parameters (e.g., Area, Perimeter).

4.26. Click “Export Image or Excel” and save the file.

4.27. Calculate the average migration speed (µm/h) for each cell based on centroid displacement across the entire time series.

5. Data presentation

5.1 Quantitative measurements are presented descriptively. No statistical inference was performed. Each treatment group included five independent samples.

An overview of the experimental workflow is shown in Figure 1. Key reagents, instruments, and software are listed in the Table of Materials. Imaging conditions are summarized in Table 1.

RESULTS: 
To evaluate the performance of the ODT-based workflow, time-lapse imaging was performed for two treatment groups (LPS and BAI + LPS), with five independent samples per group. All samples were acquired under identical imaging conditions. Due to the high workload associated with long-term single-cell tracking and quantitative analysis, one representative sample from each group was selected for single-cell analysis and visualization. The results are presented descriptively and are not intended for statistical inference.

Time-lapse morphological dynamics
Time-lapse ODT imaging demonstrated that this method enables continuous recording of single-cell morphological changes (Figure 2). Representative time-lapse videos corresponding to the analyzed samples are provided in Supplementary Video 1 (LPS, Sample 1) and Supplementary Video 2 (BAI + LPS, Sample 1), while the complete datasets (Samples 1–5 for each group) are provided as supplementary materials. At early time points (0–6 h), cells in both groups exhibited a relatively regular, round morphology, with clear boundaries and minimal variation. As time progressed (after approximately 8 h), cells gradually displayed increased morphological diversity, with some cells exhibiting spreading, irregular edges, and protrusions. During the later stage (12–24 h), morphological changes became more pronounced, characterized by increased contour complexity and enhanced heterogeneity among cells. Overall, these observations indicate that the imaging approach can stably capture dynamic morphological changes over extended time periods.

Time-resolved quantitative analysis
Time-resolved quantitative analysis at the single-cell level demonstrated that projected area, perimeter, and average migration speed exhibited clear time-dependent dynamic changes over the 24 h imaging period (Figure 3). Representative single-cell tracking trajectories are shown in Figure 3A, while the corresponding quantitative time-course data are presented in Figure 3B. For the projected area, cells in both groups showed relatively stable behavior during the early phase (0–8 h), with most cells fluctuating within approximately 140–170 μm². As time progressed (after approximately 12 h), a subset of cells displayed a gradual increase in area, with more pronounced changes observed during the mid-to-late phase (12–24 h). Specifically, under LPS treatment, some cells exhibited rapid expansion, reaching values exceeding 400–500 μm². In contrast, under BAI + LPS treatment, overall changes in cell area were more moderate, with most cells remaining within approximately 250–300 μm² during the later stage, although a subset of cells still showed a continuous upward trend. These observations suggest a progressive process of morphological expansion during long-term observation, accompanied by cell-to-cell variability across conditions. Perimeter changes followed a trend broadly consistent with projected area. 

During the early phase (0–8 h), cells in both groups remained within approximately 40–50 μm, followed by a gradual increase over time. In the mid-to-late phase, some cells in the LPS group exhibited perimeter values exceeding 100 μm, whereas most cells in the BAI + LPS group remained around 70 μm. These changes indicate a progressive increase in contour complexity over time, with more pronounced structural remodeling observed in a subset of cells. Average migration speed displayed a distinct temporal pattern compared to morphological parameters. In both groups, average migration speed increased rapidly during the early phase (0–2 h), rising from approximately 2–5 μm/h to about 7–10 μm/h. In the LPS group, a few cells transiently reached higher values of approximately 16–20 μm/h. This was followed by a relatively stable phase around 4–8 h. Subsequently, average migration speed decreased gradually or exhibited mild fluctuations and approached a stable level during the late phase (12–24 h), suggesting a transition from an initial adaptation phase to a more stable motility state during prolonged observation. Complete time-series quantitative data (projected area, perimeter, and average migration speed) corresponding to the representative cells shown in Figure 3 are provided in Supplementary Tables 1–2.

Overall, these time-series data indicate that projected area, perimeter, and average migration speed exhibit time-dependent dynamic behaviors at the single-cell level, with evident heterogeneity among individual cells. These findings further demonstrate that the ODT-based imaging and analysis workflow enables continuous capture and quantitative characterization of dynamic morphological and migratory processes over extended time periods.

FIGURE AND TABLE LEGENDS: 
Figure 1: Experimental workflow. (A) Macrophage culture. (B) LPS stimulation and BAI pretreatment. (C) Optical diffraction tomography (ODT) acquisition. (D) Image reconstruction and single-cell analysis.

Figure 2: Time-lapse ODT images of macrophage morphological changes under LPS and BAI + LPS conditions (0–24 h). Cells exhibit progressive changes, including spreading and irregular boundaries. Scale bar = 20 μm.

Figure 3: Quantitative analysis of single-cell dynamics. (A) Representative single-cell tracking trajectories over time (0–24 h). (B) Time-course plots of projected area (μm²), perimeter (μm), and average migration speed (μm/h), showing temporal changes in cell morphology and movement. Scalebar = 20 μm.

Table 1：Imaging conditions for ODT acquisition. 

Supplementary Video 1: ODT imaging of LPS condition. 

Supplementary Video 2: ODT imaging of BAI + LPS condition (Sample 1). 

Supplementary Table 1: Complete time-series quantitative data for LPS. Projected area, perimeter, and average migration speed corresponding to the representative cells shown in Figure 3.

Supplementary Table 2: Complete time-series quantitative data for BAI+ LPS. Projected area, perimeter, and average migration speed corresponding to the representative cells shown in Figure 3. 

DISCUSSION: 
This study establishes a label-free ODT-based workflow for continuous imaging and quantitative analysis of macrophage morphodynamics at the single-cell level. The approach enables time-resolved measurement of projected area, perimeter, and average migration speed during long-term live-cell imaging. Cell seeding density is a key factor affecting segmentation and tracking performance. High density results in overlapping cells, whereas low density reduces the number of analyzable cells. Therefore, seeding conditions should be optimized prior to imaging. The imaging interval was determined based on preliminary experiments to balance temporal resolution, data volume, and the continuity of long-term cell tracking. Shorter intervals increase temporal resolution but also data size and phototoxicity risk, whereas longer intervals may reduce the ability to capture dynamic changes.

Stable environmental conditions are required for long-term acquisition. Temperature, CO₂ levels, and minimal mechanical disturbance should be maintained throughout the experiment. Autofocus stabilization is also important to minimize focal drift during extended imaging sessions. Technical challenges may arise during image analysis, particularly in regions with high cell density or complex morphology. In this study, consistent segmentation settings were applied across all datasets, and a fixed number of cells per field of view was selected to improve comparability. Manual correction was performed when necessary to address segmentation or tracking errors. These measures support stable image acquisition and reliable quantitative analysis during long-term (24 h) single-cell tracking.

This workflow has several limitations that should be considered. First, the analysis was performed on a limited number of representative cells and was not designed for statistical inference of biological differences. The workflow was demonstrated using a single macrophage cell line and a single in vitro stimulation model (LPS-induced polarization), which may not fully capture macrophage heterogeneity. In addition, single-cell analysis was performed using predefined selection criteria, which may introduce selection bias. Therefore, the quantitative results are intended to illustrate the workflow's capability for time-resolved single-cell analysis rather than to establish definitive biological conclusions. The analysis pipeline relied on vendor-provided software for image reconstruction, segmentation, and tracking. Although similar analyses can be performed using open-source platforms such as ImageJ/Fiji, long-term time-lapse datasets often require extensive manual intervention, which can reduce processing efficiency and consistency. Therefore, commercial software was used in this study to standardize the analysis workflow and improve reproducibility in long-duration imaging experiments. Future studies may incorporate larger sample sizes, multiple cell models, and alternative analysis platforms to further evaluate the robustness and generalizability of the workflow. In addition, although ODT enables quantitative analysis of refractive index distributions, the present study focused on morphological and behavioral parameters to establish a simple and reproducible workflow. Integration of refractive index-based metrics may provide additional insights and can be explored in future studies.

Compared with endpoint-based assays, this workflow enables continuous observation of cell behavior and supports descriptive analysis of morphological and migratory changes. The label-free nature of ODT avoids perturbations associated with fluorescent labeling and is well suited for long-term live-cell imaging [8,9]. This approach can be extended to other adherent cell types and may be combined with molecular or multimodal imaging strategies to facilitate further investigation of the relationship between cell morphology and function.
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