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SUMMARY:
This protocol describes a label-free method for the rapid single-cell analysis of natural killer (NK) cell count and activity using lens-free shadow imaging technology. This method quantifies morphological changes in individual NK cells by computerized analysis of their diffraction patterns.

ABSTRACT:
Natural killer (NK) cells are important effectors of innate immunity that eliminate virus-infected and malignant cells. Monitoring NK cell activity is essential for assessing immune function. However, conventional methods, such as flow cytometry, are labor-intensive and time-consuming. This protocol describes a label-free technique for the rapid analysis of natural killer (NK) cell activity using lens-free shadow imaging technology (LSIT). NK cells isolated from peripheral blood and stimulated with a proprietary activator were analyzed using the LSIT platform within 5 min. The LSIT platform captures holographic images, known as shadow images, created by the interference of light with NK cells, and monitors their activation status by analyzing changes in shadow parameters. Key parameters derived from the shadow images, including the peak-to-peak distance (PPD) and standard deviation of the secondary maxima width (WSM-SD), quantitatively reflected the cell morphology and internal complexity. These parameters were integrated into the combined shadow parameter (CSP) and innate immunity index (I³) to provide a comprehensive assessment and quantification of NK cell activity based on morphological changes in the cells. I³, calculated as the percentage change in CSP after activation, served as a direct measure of NK cell activity. NK cells from healthy individuals consistently showed significantly higher I³ values than those from immunocompromised individuals. The LSIT platform enables fast and cost-effective immune profiling that is suitable for point-of-care diagnostics.

INTRODUCTION:
Cell morphology is emerging as a key indicator of the molecular mechanisms. It not only provides a visual representation of the cell structure but also offers valuable insights into the underlying processes and functions of individual cells1. Analyzing the shape, size, and activity of immune cells at the single-cell level provides crucial insights into their behavior, heterogeneity, and roles in health and disease2–6.

Among these crucial cells are natural killer (NK) cells, which are a central component of the innate immune system7,8. They eliminate virus-infected and cancerous cells and regulate the adaptive immune response through cytokine release9–11. Cancer, viral infections, and immunodeficiencies often reduce the number of NK cells and impair their functions12–14. Therefore, NK cell activation serves as an important biomarker and provides information about the overall health of the immune system. Consequently, rapid single-cell assessment of NK cell activation is essential for prognosis, diagnosis, disease monitoring, and patient stratification15–18. 

Currently, NK cell activity is assessed based on their cytotoxic capacity (ability to kill target cells) and cytokine production19–22. Conventional methods for measuring cell-mediated cytotoxicity23, such as chromium-51 (51Cr) release assays24,25, flow cytometric assays26,27, and enzyme-linked immunosorbent assays (ELISA) to quantify interferon-gamma (IFN-γ) secreted by NK cells after stimulation28–30 have several limitations. These include the lack of standardization, lengthy protocols (e.g., overnight ELISA incubation), dependence on cell labeling, and high equipment costs31–33. These challenges highlight the need for innovative methods that offer rapid results, cost-effectiveness, label-free analysis, and high throughput. In addition, the assessment of NK cell activation at the single-cell level provides detailed insights into population heterogeneity and individual cellular responses to stimulation.

Among the emerging technologies aimed at overcoming these limitations, lens-free shadow imaging technology (LSIT) is a particularly effective solution34–36. LSIT, a simplified digital inline holography (DIH), enables rapid, label-free, high-throughput analysis of NK cell activation at single-cell resolution37–39. The DIH captures interference patterns between scattered laser light and a collinear reference beam on a digital sensor to reconstruct three-dimensional (3D) information about microscopic objects40,41. The LSIT simplifies this approach by using a partially coherent LED, micropinhole, and CMOS sensor to capture the diffraction patterns (i.e., shadow images) of cells42–45. The rationale for this technique is based on the observation that the activation of immune cells often causes morphological changes, including variations in cell size, shape, cytoplasmic granularity, and nuclear structure46–50. The LSIT is highly sensitive to these changes, which have a direct effect on the diffraction patterns51–53.

Building on the sensitivity of LSIT to these morphological changes and their effects on diffraction patterns, this protocol presents a novel method for the rapid and accurate quantification of NK cell count and functional activity at the single-cell level using the Cellytics NK platform, hereafter referred to as the LSIT platform54. As shown in Figure 1A, the LSIT platform integrates sample processing, activation, and shadow imaging into a compact multichannel workflow. NK cells were isolated from whole blood, stimulated with a specially formulated activation stimulator cocktail (ASC), and loaded onto a dedicated assay chip. ASC induces morphological changes in NK cells within 1 h of exposure, such as increased cell size and internal complexity, which can be precisely detected using the LSIT platform55,56. 

The LSIT platform uses an LED light source and a CMOS sensor to capture the DIH patterns (shadows) of individual cells (Figure 1B). A special algorithm THEN analyzes these shadow patterns and extracts key parameters, such as the peak-to-peak distance (PPD), which correlates with cell size, and the standard deviation of the width of the secondary maximum (WSM-SD), which correlates with the complexity and irregularity of the cytoplasm (Figure 1C,D). By comparing the values before and after stimulation, the platform calculates composite indices: the combined shadow parameter (CSP = PPD × WSM-SD) and the innate immunity index (I³), which reflect the percentage change in CSP after activation. The reason for introducing CSP is that immune activation involves both cell enlargement and increased cytoplasmic complexity. Relying on only one of the two criteria can miss borderline activation or be affected by noise, such as debris or irregular illumination. The CSP improves the classification by requiring consistent shifts in both metrics. These indices classify the activation states of different cell populations without fluorescent labeling or complex sample processing.

This protocol is particularly useful for researchers and clinicians who require a rapid, quantitative, and label-free method for monitoring activation-induced morphological changes in immune cells. It is suitable for basic immunological research, preclinical drug screening, and evaluation of immunotherapies, and can be used as a diagnostic or prognostic tool in clinical settings where rapid assessment of immune status is essential. This method requires isolated cell populations, access to the LSIT platform, and a specific NK cell activation cocktail.

PROTOCOL:
All research followed institutional guidelines and was approved by the Institutional Review Board of Korea University Anam Hospital (approval number: 2021AN0040). The reagents and the equipment used are listed in the Table of Materials.

1. Sample collection and handling

NOTE: Handle all human blood samples using standard biosafety precautions and the appropriate personal protective equipment.

1.1. Collect peripheral whole blood from the patient in a sterile heparin tube aseptically.

1.2. Gently invert the tube 8–10 times to mix the anticoagulant with the blood.

1.3. Analyze the blood sample immediately after collection. If analysis is delayed, store the sample in a heparinized tube at 2–8 °C and use within 48 h.

NOTE: Do not freeze whole blood. Use fresh samples to preserve cellular integrity.

2. NK cell isolation and activation

NOTE: This protocol presents an optimized and comprehensive workflow for the isolation and activation of NK cells directly from human whole blood using the NK Prep Kit, which consists of the NK Sep Kit for cell isolation and the NK Activation Kit for stimulation. This kit integrates magnetic bead-based negative selection and stimulation to enable rapid phenotypic assessment via a lens-free imaging cytometry platform.

2.1. Pre-test setup

2.1.1 Take out the kits from the refrigerator and bring them to room temperature (15–28 °C).

NOTE: The NK Sep kit includes the following components:
(a) Green lid: Reaction tube containing the antibody cocktail.
(b) Red lid: Separation tube 1 containing magnetic particles in the dilution media (1.5 mL).
(c) Purple lid: Separation tube 2 containing the magnetic particles.
(d) Gray lid: Recovery tube (clean and empty).
The NK Activation kit includes the following components:
(a) Vehicle: Eight transparent tubes in a sealed aluminum bag.
(b) ASC: Eight yellow tubes in a sealed aluminum bag.
Remove only the required tubes from the sealed bags. Reseal and refrigerate any unused components.

2.1.2 Prepare the necessary equipment: magnetic separator, pipettes with sterile tips, and a calibrated incubator or heating block set at 37 °C.

2.2. NK cell isolation procedure

2.2.1 Add 0.5 mL of whole blood to the reaction tube with the green cap containing the antibody cocktail. Mix gently by inverting the tube 2–3 times and incubate for 5 min.

2.2.2 Transfer the entire contents into the separation tube 1 with a red cap. Mix gently 2–3 times.

2.2.3 Place the tube on a magnetic separator and incubate for 10 min at room temperature.

[bookmark: _Hlk198047915]2.2.4 With the magnet in place, transfer approximately 1.5 mL of the supernatant to the purple-capped separator tube 2. Mix gently 2–3 times.

2.2.5 Place the separation tube two on the magnetic stand and incubate for 10 min.

2.2.6 With the magnet still attached, transfer approximately 1.0 mL of the supernatant into a recovery tube with a gray lid. Mix carefully.

2.3 NK cell activation

2.3.1 Add 100 µL of the isolated NK cell suspension to the Vehicle tube and another 100 µL to the ASC tube

2.3.2 Carefully mix the contents of the two tubes.

2.3.3 Incubate the tubes at 37 °C for 1 h.

NOTE: Use a calibrated heating block to maintain a constant incubation temperature.

3. Imaging and analysis with the LSIT platform

NOTE: Cells should be analyzed immediately after incubation. If immediate analysis is not possible, store the incubated cells at 2–8 °C and analyze them within 6 h. The LSIT platform evaluates cell morphology and count in human blood samples using DIH. To analyze immune activity, both unstimulated and ASC-stimulated NK cells were loaded onto a special slide, inserted into the device, and automatically imaged.

3.1 Device setup and calibration

NOTE: Always perform background calibration before analyzing a sample.

3.1.1 Switch on the LSIT platform. Ensure that the LED, fan, and camera are functioning.

3.1.2 Start the LSIT Capture software. Start a new session and assign a session name.

3.1.3 Go to Settings and select Calibrate.

3.1.4 Press the Open button on the touchscreen or use the physical sliding door button to open the door. When the drawer opens, remove the calibration slide and store it.

3.1.5 Ensure that no test slide is present. Close the drawer.

NOTE: Use only optical wipes to clean the surfaces of the slides.

3.1.6 Click on Set background to calibrate the optical intensity.

3.1.7 Replace the calibration slide and close the drawer.

3.1.8 Click on Start calibration.

NOTE: If liquid is spilled on the device, switch it off immediately. Wipe it clean. Do not disassemble the device.

3.2 Assay slide preparation and loading

3.2.1 Remove an assay slide from its pouch, label it with the sample data, and place it on a clean, flat surface.

3.2.2 Pipette 10 µL of the vehicle (unstimulated) sample into channels A and B.

3.2.3 Pipette 10 µL of the ASC-stimulated sample into channels C and D.

NOTE: Avoid bubble formation and overfilling.

3.2.4 Press Open to eject the drawer, remove the calibration slide, and place it in a storage box.

3.2.5 Insert the prepared assay slide and press Close.

3.3 Image acquisition: Test Menu 1 – NK cell activity

NOTE: If image acquisition fails, check the illumination and sample volume. Recalibrate if necessary.

3.3.1 Log in to the LSIT system and select the NK Cell Activity Test on the main screen.

3.3.2 Enter the sample ID or use the barcode scanner.

NOTE: To retrieve the sample ID from the archived list, use the Retrieve button.

3.3.3 Press Capture to start the recording. Adjust the lighting or focus if required.

3.3.4 After capturing the image, click on Analyze

3.3.5 Check the NK cell activity (%) and cell count displayed on the screen.

NOTE: Valid results are displayed numerically. If I³ is below the range, "≤100%” is displayed. Above the range, “>300%” is displayed.

3.3.6 Download the results to a USB or print them using the touchscreen menu.

3.4 Image acquisition: Test Menu 2 – cell counting

3.4.1 Select the Cell counting option under Test menu 2 on the main interface.

3.4.2 Load 10 µL of the sample onto a new assay slide channel.

3.4.3 Insert the slide, close the drawer, and enter the sample ID.

3.4.4 Enter the dilution factor if applicable.

3.4.5 Press Count.

NOTE: If the result is within the test range, the number of NK cells is displayed as a numerical value on the system screen. For results below the test range, "≤ 10 cells/µL" is displayed, for results above "> 1,000 cells/µL.”

3.4.6 Display results as cells/µL.

NOTE: Toggle the black result field to view the actual cell count in images.

2.4.8 Review the results and download or print them.

NOTE: Ensure that the correct dilution factor is entered to obtain accurate results.

4. Post-analysis clean-up 

4.1. Open the drawer using the Open button or the physical toggle switch.

4.2. Remove the used slide.

4.3. Place the calibration slide back in the drawer to protect the sensor.

4.4. Close the drawer.

4.5. Dispose of used tubes, tips, and slides in accordance with the regulations for laboratory waste.

REPRESENTATIVE RESULTS: 
Following this protocol, the LSIT platform enables a quantitative, label-free assessment of NK cell activation based on morphological changes in the cells. Figure 2A shows Hema–3–stained cytospin preparations of primary NK cells from healthy donors after 2-h incubation with or without ASC. Activation by ASC results in marked changes, primarily cell enlargement and increased internal complexity or granularity, compared to vehicle (unstimulated) controls. These changes are captured in the form of shadow diffraction patterns, which are analyzed by the LSIT platform using integrated software to extract the key morphometric parameters for each cell (Figure 2B). This protocol effectively distinguishes between different NK cell activation states and enables the assessment of the overall innate immune function.

To assess the reproducibility of the shadow parameters, we analyzed over 900 individual NK cells under both vehicle and ASC-stimulated conditions. Shadow images of ASC-activated NK cells showed increased diffraction complexity, larger size, and greater irregularity compared to vehicle controls after 30 min and 2 h of stimulation. ASC stimulation increased PPD and WSM-SD, resulting in higher CSP levels, whereas IL-2/12 stimulation had intermediate effects (Figure 2C). To improve the classification sensitivity, CSP was defined as the product of PPD (reflecting cell size) and WSM-SD (capturing cytoplasmic granularity). Both parameters showed significant differences between ASC-stimulated and control NK cells (Figure 2C), with CSP providing better separation (Figure 2D). This combined metric yielded clearly classified unstimulated and activated cells (p < 0.001) (Figure 2E), with an average classification accuracy of 94% across multiple test sets54, demonstrating high reproducibility and enabling real-time profiling of innate immune responses.

To quantify activation, I³ was calculated as follows:

					(1)

Where CSPASC and CSPVehicle are the mean CSP values of the ASC-stimulated and vehicle control (unstimulated) conditions, respectively. 

In a cohort of 92 healthy donors (HD), ASC activation resulted in a mean I³ of ~326%, while 75 cancer patients (CP) had a significantly lower mean of ~161% (p < 0.001) (Figure 3A). These results highlight the ability of LSIT-derived morphological metrics to distinguish immunocompetent from immunosuppressed profiles. Flow cytometry confirmed these results: CD107a surface expression after ASC stimulation was significantly higher in HD (1.88% ± 1.29%) than in CP (1.08% ± 0.56%, p = 0.026) (Figure 3B). Similarly, IFN-γ secretion was reduced in CP (1964.05 ± 882.06 pg/mL) compared to HD (2582.37 ± 837.20 pg/mL, p = 0.003) (Figure 3C). These results confirm a consistent and significant reduction in NK cell function in patients with cancer, validating the I³ index as a label-free biomarker of innate immunity.

CD107a-stratified NK-92 cells were used for further validation (CD107alow, CD107amed, and CD107ahigh). An increase in CD107a expression corresponded with increased forward scatter (FSC) and side scatter (SSC) and was associated with an increase in PPD and WSM-SD (Figure 4). CD107ahigh NK-92 cells had significantly higher FSC and SSC levels (p < 0.001), indicating greater cell volume and granularity. Shadow image analysis mirrored these trends: PPD was significantly higher in CD107amed and CD107ahigh cells, and WSM-SD increased with cytoplasmic irregularity and CD107a intensity. These results confirm that LSIT-derived parameters accurately reflect flow cytometry-based activation profiling without fluorescent labeling.

A positive result was defined as a clear morphological separation between ASC-stimulated and vehicle samples, high CSP values under ASC-stimulated conditions, and an I³ value significantly exceeding 100%. In contrast, suboptimal results include minimal changes in CSP or I³ values (~100–120%) due to poor NK cell isolation, degraded ASC reagents, inadequate incubation, or improper calibration or image acquisition methods. For example, low-contrast shadow images or unresolved diffraction rings can cause the WSM-SD values to approach zero, thereby invalidating the CSP calculations. The system automatically displays these problems and prompts the user to repeat the calibration or analysis.

The LSIT platform, with integrated software, quantitatively assesses NK cell activation by comparing the CSP values of activated and unstimulated control cells. The I³ index standardizes immune response assessment: higher values reflect strong activation, whereas lower values indicate reduced function. The final results, including NK cell counts and I³, are displayed on the system interface (Figure 5) and can be exported. These findings confirm the effectiveness of the LSIT platform for the rapid label-free assessment of NK cell activity, supporting its use in both research and clinical applications.

FIGURE LEGENDS: 

Figure 1: LSIT platform workflow and quantification of shadow parameters. (A) Schematic workflow of the label-free NK cell activity monitoring LSIT platform. Isolated NK cells were stimulated with ASC  for 1 h. Subsequently, 10 µL of unstimulated cells was loaded into Channels A and B, and 10 µL of ASC-stimulated cells was loaded into Channels C and D. The samples were then analyzed using the LSIT platform. (B) Hardware overview with sample loading setup and main components of the multichannel LSIT (CMOS sensor platform for recording diffraction patterns under LED pinhole illumination), with a diagram of the diffraction pattern formation. (C) Representative shadow image with an inset showing a single-cell diffraction pattern. (D) Intensity profiles of the diffraction rings of unstimulated (gray) and activated (red) NK cells. Activation increases both the peak-to-peak distance (PPD) and the standard deviation of the width of the secondary maxima (WSM-SD), reflecting cell enlargement and increased complexity. These parameters were extracted to calculate the combined shadow parameter (CSP). (A,B) Reproduced from Cheon et al.48. (D) Reproduced with permission from Lee et al.54. 

Figure 2: Morphological and quantitative assessment of NK cell activation using the LSIT platform. (A) Representative Hema-3–stained cytospins of primary NK cells from healthy donors after 30 min or 2-h incubation with or without ASC. ASC-stimulated cells showed increased size and cytoplasmic ratio. Scale bar: 10 µm. (B) Microscopic and shadow images comparing unstimulated (vehicle) and activated (ASC) NK cells. Scale bar: 5 µm. (C) Morphometric comparison of PPD, WSM-SD, and CSP in NK-92 cells of unstimulated vehicle, and stimulated with IL-2/12, or ASC for 30 min and 2 h (n = 6). (D) Distribution of single-cell CSP levels in unstimulated (n = 69) and activated (n = 58) cells, confirming a significant activation-induced increase in CSP levels (***p < 0.001). (E) CSP gating strategy for the large-scale detection of unstimulated (n = 703) and activated (n = 236) cells.  Data are presented as mean ± standard deviation (SD). Statistical comparisons were performed using the two-tailed Mann–Whitney U test. Adapted with permission from Lee et al.54. 

Figure 3: Comparative analysis of NK cell activity in healthy donors (HD) and cancer patients (CP). (A) Innate immunity index (I³) measured using the LSIT platform in 38 HD and 30 CP samples stimulated with and without ASC for 2 h. HDs showed significantly higher I³ values (mean ± SD: 325.91% ± 137.82%) than CPs (161.21% ± 51.03%) (p < 0.001). (B) Percentage of CD107a⁺ NK cells after 30 min of ASC stimulation, as determined by flow cytometry (HD: n = 24, CP: n = 16). HDs showed significantly increased CD107a expression (1.88% ± 1.29%) compared to CPs (1.08% ± 0.56%) (p = 0.026). (C) Released IFN-γ levels after 2 h of ASC stimulation were quantified using ELISA (HD: n = 47, CP: n = 35). HD samples secreted significantly higher IFN-γ levels (2582.37 ± 837.20 pg/mL) than CP samples (1964.05 ± 882.06 pg/mL) (p = 0.003). Data are presented as mean ± SD. Statistical significance was determined using the two-tailed Mann–Whitney U-test. *p < 0.05, **p < 0.01, ***p < 0.001. Adapted with permission from Lee et al.54. 

Figure 4: Morphological and shadow imaging parameters correlate with CD107a expression in ASC-stimulated NK-92 cells. (A) Mean forward scatter (FSC) and (C) mean side scatter (SSC) values increased significantly with higher CD107a expression, as measured by flow cytometry (n = 3). (B) Peak-to-peak distance (PPD) and (D) standard deviation of the width of secondary maxima (WSM-SD), measured by shadow imaging, also increased in the CD107amed and CD107ahigh populations, indicating activation-related morphological changes. Data are expressed as mean ± SEM. Statistical significance was determined using one-way analysis of variance (ANOVA) with Tukey’s post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. Adapted with permission from Lee et al.54. 

Figure 5: Evaluation of immune function using LSIT platform and onboard software. The LSIT platform automatically calculates and displays NK cell activity. (A) Immunity overview showing NK cell count (cells/μL), NK cell activity (Innate Immunity Index, I³), single-cell CSP distribution comparing vehicle- and ASC-stimulated cells, and radar plots representing activation levels. (B) Channel-specific results showing the number of NK cells per channel, representative shadow image, and extracted shadow parameters, including CSP, PPD, WSM-SD, and related diffraction parameters. (C) Immunity report with a summarized statistical table comparing important morphometric parameters between the vehicle and ASC conditions.

DISCUSSION:
This protocol presents a standardized, label-free method for quantifying NK cell activation that combines cell isolation and activation using the NK Prep Kit, with analysis via the LSIT platform. It offers a rapid and quantitative alternative to conventional assays such as 51Cr release, flow cytometry, and ELISA. The protocol was developed for laboratories equipped with the LSIT platform and provides simple results based on shadow image analysis of the number of NK cells and I³. Its single-cell resolution provides detailed insights that are not possible with mass assays such as ELISA.

[bookmark: _Hlk196840062]A crucial element of this workflow is the precise execution of cell isolation by negative magnetic selection and the standardized handling of reagents. The quality and purity of the NK cell preparation affect the clarity of the shadow images and the extraction of parameters. To minimize variability and preserve the integrity of the cells during ASC stimulation, it is important to prevent hemolysis during blood collection, process samples quickly, and ensure that the reagents are at room temperature. Accurate loading of the sample onto the slide, avoiding air bubbles and using the correct volume, is also crucial. Maintaining system calibration and sensor cleanliness is key to ensuring an accurate analysis. To calculate I³ and reliably interpret the activation, each ASC-stimulated sample must be accompanied by a vehicle control sample.

Although the CMOS image sensor in the LSIT platform has a native pixel size of approximately 2.2 µm, the system achieves measurement accuracy in the sub-micrometer range through computational enhancement. These include the development of a customized AlexNet deep learning model trained on LSIT images, the use of specific shadow parameters for size measurement, and noise reduction techniques34,46,54. In a previous study using the same lens-free setup, we showed that this strategy enabled highly accurate diffraction-based CD34⁺ cell classification, achieving a training accuracy of 97.3% and a validation accuracy of 96.2%34. Furthermore, the shadow parameters were in good agreement with the FACS data (R² = 0.81), confirming the reliability of diffraction-based quantification. Although the inherent limitations of the sensor pixel size and resolution remain, these methods help improve the accuracy and reliability of the measurements. Future research should focus on refining these techniques and exploring new sensor technologies to overcome existing limitations.

Device calibration is another important component that ensures high-quality image acquisition. The LSIT platform relies on consistent optical background correction to resolve the diffraction features of individual cells. Omitting the background adjustment or using contaminated calibration slides can result in low-contrast images, detection errors, or inaccurate parameter extraction (e.g., zero WSM-SD values). Similarly, air bubbles introduced during chip loading can distort the diffraction patterns and reduce the detection efficiency. Therefore, sample preparation, proper vortexing, and gentle pipetting are emphasized throughout the protocol.

To ensure the consistent measurement of shadow parameters across all experiments, the LSIT platform uses a fixed optical geometry, spectrally stable illumination, and pre-calibrated CMOS sensors in a rigid module48. Automatic normalization, including background correction and dynamic range scaling, increases measurement uniformity. The use of in-sample ratios, such as I³, reduces inter-session variability and facilitates classification54. These features enabled reproducible results across biological samples in a comprehensive validation, demonstrating the suitability of the platform for standardized, field-deployable immunoprofiling36, 51,52.

One limitation of this study is the use of a fixed object–sensor distance (~100 µm). Although this arrangement provides high-contrast diffraction for feature extraction, it limits adaptability to different sample formats or cell types. Other distances could still produce analyzable diffraction features, but variations could affect the fringe sharpness, intensity, and signal-to-noise ratio, thereby affecting parameters such as the PPD and WSM. Future studies could explore adaptive or tunable configurations to increase the versatility of this approach. Additionally, the shadow imaging approach infers activation states based on morphological surrogates such as PPD and WSM-SD, which do not directly measure molecular signaling events. Therefore, it cannot replace cytokine-based assays or surface marker analyses in mechanistic immunology studies. Moreover, the current system does not support multiplex phenotyping, and its performance may vary when analyzing highly heterogeneous populations or rare subgroups without further purification steps.

Despite these limitations, this method offers decisive advantages over conventional techniques. In contrast to flow cytometry, ELISA, or chromium release assays, this workflow does not require fluorescent labels, radioactive materials, or complex instrumentation. The test is completed in less than 5 min after stimulation, is cost-effective, and is well-suited for point-of-care use or in resource-limited facilities. These features make it ideal for longitudinal immune monitoring, rapid clinical decision-making, and high-throughput screening in preclinical research. In addition, the use of quantitative, image-derived indices, such as CSP and I³, enables standardized reporting and sample comparability, which is an advantage over more qualitative microscopy-based assays. 

Importantly, the method showed strong agreement with conventional NK cell activation markers, including surface expression of CD107a, IFN-γ secretion, and flow cytometric FSC/SSC profiles. These correlations support the relevance of the LSIT platform in both basic and translational research. In our study, the I³ index effectively differentiated between healthy donors and cancer patients, paralleling the results of CD107a and IFN-γ assays. This confirms the use of shadow-based digital cytometry for immune monitoring in the context of diseases.

In summary, this protocol provides a robust, scalable, and noninvasive solution for profiling functional NK cells. It removes key limitations in terms of accessibility, turnaround time, and label-free analysis while complementing molecular and cytometric techniques. Future enhancements, such as AI-based classifiers and expansion to other innate immune cells, could further expand the platform’s research and diagnostic potential.
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