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SUMMARY: 
Here, a standardized protocol to visualize tunneling nanotubes between human epidermal keratinocytes and dermal fibroblasts using membrane and F-actin labeling with z-stack confocal imaging is shown, with optional α-tubulin co-staining, enabling reproducible detection and cytoskeletal characterization for tissue-engineering applications.

ABSTRACT:
Tunneling nanotubes (TNTs) are thin, actin-based intercellular conduits that enable long-range transfer of organelles and signaling cargo. Although widely reported across multiple cell types, their presence in human skin cells has not been well described. This article describes a standardized protocol to detect and characterize TNTs in vitro between human epidermal keratinocytes and dermal fibroblasts. The method involves preparing a co-culture of primary cells, gentle fixation to preserve fragile TNTs, membrane labeling with wheat germ agglutinin, F-actin staining with phalloidin, and systematic z-stack imaging by inverted confocal microscopy to distinguish TNTs suspended above the substratum from adherent filopodia. Optional immunostaining for α-tubulin allows assessment of microtubule incorporation. TNTs are defined by three features: thin, straight protrusions connecting two or more cells, the presence of F-actin, and continuity across cell pairs in serial optical sections. Representative results demonstrate TNTs linking dermal–dermal, epidermal–epidermal, and dermal–epidermal pairs, with variable cytoskeletal composition (F-actin alone or F-actin plus α-tubulin). Critical steps include gentle fixation, use of fresh reagents, and acquisition of sufficient z-planes to avoid misclassification, while common artifacts include TNT breakage and incomplete staining. Together, these optimized steps enable reproducible TNT detection in skin cell systems and offer a methodological basis for future investigation of TNT-mediated communication in skin biology and regeneration.

INTRODUCTION:
Tunneling nanotubes (TNTs) are nanoscale, actin-based channels that enable direct intercellular transfer of organelles and signaling molecules. They are typically 50–500 nm in diameter and 5–200 μm in length, with some reaching up to 700 nm1. Unlike empty membrane protrusions, TNTs contain cytoskeletal filaments, most commonly F-actin, which provides structural rigidity and supports mitochondrial transport2-4. In two-dimensional culture, TNTs are defined by three features: thin (20–700 nm), straight protrusions suspended above the substratum that connect two or more cells; the presence of F-actin filaments; and the ability to transfer cargo.

[bookmark: _Hlk216547409]Since their first identification in PC-12 cells by Rustom et al.5, TNTs have been studied in multiple systems, including the cardiovascular6, immune7, and respiratory8 systems, corneal epithelium9, tumors10, and the nervous system11,12. They contribute to physiological and pathological processes such as immune signaling, apoptosis, material transport, and angiogenesis13-15. TNTs can mediate long-range transfer of diverse cargos, including mitochondria, endoplasmic reticulum, nucleic acids, ions, and even viruses5,16,17.

[bookmark: _Hlk215948922]The skin is a structurally complex organ, with the epidermis and dermis relying on constant communication for homeostasis, wound healing, and appendage regeneration18-20. Although TNTs have been described in many tissues, including the immune system, the neuronal system, and the corneal epithelium7,9,12, their presence in human skin cells has not been reported in the published literature. Building on the methodological framework described by Sáenz-de-Santa-María et al.21, we present a standardized and optimized protocol for detecting TNTs between epidermal keratinocytes and dermal fibroblasts22 using immunofluorescence staining combined with inverted confocal microscopy.

Compared with alternative TNT-detection approaches, this protocol offers a practical balance between sensitivity and accessibility. Live-cell imaging can capture TNT dynamics but is limited by phototoxicity and the short-lived nature of TNTs1,23. Electron microscopy provides ultrastructural detail yet often fails to preserve long TNT spans and is not practical for routine analysis of primary skin cells24,25. Reporter-based nanotube systems enable real-time tracking but require genetic manipulation, which is typically inefficient in primary keratinocytes and fibroblasts24,26. In contrast, the present protocol uses standard immunofluorescence and confocal microscopy, allowing reproducible TNT detection across independently prepared skin cell cultures while maintaining compatibility with fragile primary cells.

This method is particularly suitable for fixed-sample analysis where cytoskeletal composition and TNT prevalence are of interest. As TNTs are highly fragile, fixation and handling steps remain key limitations, and the approach cannot capture real-time TNT dynamics. Nevertheless, for laboratories working with primary human skin cells, this standardized workflow provides an accessible and consistent way to visualize TNTs and supports downstream studies of their potential functions in tissue engineering and regeneration.

PROTOCOL
All skin cells used in this study were previously frozen primary cells isolated from human skin tissues obtained as discarded foreskin samples from circumcision procedures, and were fully de-identified22. The acquisition of human skin samples was conducted at the Department of Urology, Ningbo University Affiliated People’s Hospital, and the study protocol was approved by the institutional ethics committee (Protocol No. 2024104; approval date: October 30, 2024).

1. Identification of TNTs in human primary skin epidermal keratinocytes and dermal fibroblasts

1.1 Solution preparation

1.1.1 Prepare fixative solution 1 (200 µL) by adding 4% PFA (100 µL), 2.5% glutaraldehyde (4 µL), 1 M HEPES (40 µL), and 1x PBS (56 µL). Prepare fresh and prewarm to 37 °C before use.

1.1.2 Prepare fixative solution 2 (200 µL) by adding 8% PFA (100 µL), 1 M HEPES (0.4 µL), 1x PBS (99.6 µL). Prepare fresh and prewarm to 37 °C before use.

1.1.3	Prepare fixative solution 3 (200 µL) by adding 8% PFA (100 µL), 2.5% glutaraldehyde (4 µL), 1x PBS (96 µL). Prepare fresh and prewarm to 37 °C before use.

1.2 Cell culture

1.2.1. Thaw and culture human epidermal keratinocytes and dermal fibroblasts in 60 mm dishes using the appropriate growth medium. Supplement keratinocyte cultures with Y-27632 at a final concentration of 5 µM during resuscitation. Maintain cultures at 37 °C in a humidified incubator until cells reach ~80% confluency.

1.2.2. Remove the medium and briefly wash the cells with 1 mL of 1x PBS (used to maintain physiological pH and osmolarity during washing). Aspirate the PBS.

1.2.3. Add 1 mL of 0.05% trypsin-EDTA, distribute evenly, and incubate at 37 °C for 1.5–2.5 min.

[bookmark: _Hlk215931404][bookmark: _Hlk215931367]1.2.4. Gently resuspend cells by pipetting. Add 2 mL of growth medium, transfer to a 15 mL tube, and centrifuge at 200 x g for 5 min at room temperature.

1.2.5. Discard the supernatant and resuspend the pellet in 1–2 mL of medium. Count cells using an automated counter.

1.2.6. Seed 12,000 dermal fibroblasts or 20,000 keratinocytes in each well of an 8-well chamber slide in a final volume of 400 µL. After seeding, cross-shake the chamber well to distribute the cells evenly. Incubate for ~24 h at 37 °C.

1.2.7	Following approximately 24 h of incubation, observe the cell confluence under a microscope. If it reaches ~80%, proceed to the subsequent fixation steps.

1.3 Fixation

1.3.1. When cultures reach ~80% confluency, gently add several drops of Fixative Solution 1 directly to the chamber well to pre-fix the cells. Incubate for 4 min at room temperature. Ensure the fixative spreads evenly without disturbing the cells.

CAUTION: Handle carefully to avoid disruption of TNTs. Because the fixative solutions contain toxic components like PFA and glutaraldehyde, always wear protective gloves, protective clothing, and a mask, and handle them in a fume hood. Be sure to wash hands thoroughly afterwards. Collect PFA and glutaraldehyde fixative waste separately in labeled containers for hazardous chemical disposal.

1.3.2. Aspirate the pre-fixative and replace it with 140 µL of fresh Fixative Solution 1, ensuring the entire well is covered. Incubate for 15 min at 37 °C.

1.3.3. Remove Fixative Solution 1 and add 140 µL of Fixative Solution 2. Incubate for 15 min at 37 °C. Make sure the solution fully covers the cells to maintain uniform fixation.

1.3.4. Remove the fixative, then add 140 µL of 100 mM NH₄Cl to quench residual aldehydes. Incubate for 10–30 min at room temperature.

1.3.5. Rinse the samples 3x with 1x PBS for 30 s each at room temperature, pipetting gently along the chamber wall to avoid washing away cells or breaking TNTs.

1.4 Membrane and cytoskeletal staining

[bookmark: _Hlk215931391]1.4.1. Incubate cells with 140 µL of 1:300 (v/v) WGA (Wheat Germ Agglutinin)–Alexa Fluor conjugate, which labels plasma membrane glycoproteins for visualization of membrane-derived TNTs, in 1x PBS for 20 min in the dark at room temperature.

NOTE: The subsequent steps need to be carried out in a dark environment.

1.4.2. Wash 3x with 1x PBS (30 s each). Incubate with 140 µL of phalloidin conjugate diluted 1:250 (v/v) in 1% BSA for 30 min in the dark at room temperature.

1.4.3. Wash 3x with 1x PBS (30 s each). Incubate with 140 µL of DAPI solution for 5 min at room temperature in the dark.

1.4.4. Wash 3x with 1× PBS. Add 2–3 drops of mounting medium, incubate for 20 min at room temperature, and store at least 20 min at 4 °C in the dark until imaging.

1.5 Imaging

1.5.1. Acquire images using an inverted confocal microscope with a 40x objective. Select random fields and collect Z-stacks (10–20 layers) from the bottom to the top of the cells. The specific microscope parameters used for image acquisition are listed below:
Confocal laser scanning microscope: ZEISS LSM 900
Laser lines: Track 1 (561 nm, 4.0%), Track 2 (488 nm, 16.0%), Track 3 (405 nm, 60.0%)
Detector gain: 525 V
Z-step size: 20 optical sections (total depth: 5.32 µm)

2. Co-culture of epidermal and dermal cells

2.1 Prepare keratinocytes and fibroblasts as in steps 1.2.1–1.2.5.

2.2 Seed 10,000 keratinocytes and 6,000 fibroblasts per chamber well in 400 µL of medium. After seeding, cross-shake the chamber well to distribute the cells evenly. Incubate for 24 h at 37 °C.

2.3	Following approximately 24 h of incubation, observe the cell confluence under a microscope. If it reaches ~80%, proceed to the subsequent fixation steps.

2.4 Fix and stain membranes as described in steps 1.3–1.4.

2.5 Permeabilize cells with 0.1% Triton X-100, to allow antibody access to intracellular targets, for 3 min at room temperature, then wash 3x with 1x PBS.

NOTE: 0.1% Triton X-100 should be freshly prepared before use.

CAUTION: Triton X-100, harmful to aquatic life, must also be disposed of as chemical waste and never poured down the drain.

2.6 Block with 140 µL of 2% BSA in PBS to reduce non-specific antibody binding for 20 min at room temperature.

NOTE: 2% BSA should be freshly prepared before use.

2.7 Incubate overnight at 4 °C with anti-cytokeratin 5 antibody diluted 1:200 (v/v) in 2% BSA.

2.8 Wash 3x with 1x PBS, then incubate with Alexa Fluor 594–conjugated secondary antibody for 1–2 h at room temperature in the dark.

2.9 Wash 3x with 1× PBS. Stain nuclei with DAPI and image as in steps 1.4.5–1.5.2.

3 Identification of cytoskeletal components of TNTs

3.1 Cell culture

3.1.1. Culture and fix cells as in steps 1.2–1.3. Permeabilize with 0.1% Triton X-100 for 3 min at room temperature, then wash with 1x PBS.
[bookmark: _Hlk215931534]
3.1.2. Block with 2% BSA for 20 min at room temperature. Incubate overnight at 4 °C with anti–α-tubulin antibody.

3.1.3. Wash 3x with 1x PBS and incubate with Alexa Fluor–conjugated secondary antibody for 1–2 h at room temperature in the dark.

NOTE: The subsequent steps need to be carried out in a dark environment.

3.1.4. Wash 3x with 1x PBS. Label F-actin with phalloidin and image as in steps 1.4.3–1.5

3.2 Co-culturing of cells

3.2.1. Prepare co-cultures as in steps 2.1–2.2. Fix with fixative solution 3 for 15 min at room temperature.

3.2.2. Replace with 140 µL of 100 mM NH4Cl and incubate for 10–30 min at room temperature. Wash 3x with 1x PBS.

3.2.3. First, identify epidermal cells by performing permeabilization, blocking, and CK5 immunostaining exactly as described in steps 2.4–2.8.

3.2.4. Next, perform α-tubulin immunostaining following steps 3.1.2–3.1.4.

3.2.5. Finally, stain F-actin with phalloidin and proceed with imaging as described in steps 1.4.2–1.5.2.

RESULTS:
Using this standardized protocol, tunneling nanotubes (TNTs) were successfully identified in human skin cells under both single-culture and co-culture conditions. To validate antibody specificity, both positive and negative control staining were performed for all antibodies prior to the experimental analyses, as shown in Supplementary Figure 1, Supplementary Figure 2, Supplementary Figure 3, and Supplementary Figure 4. Representative images demonstrate the reproducible detection of TNTs as thin, actin-containing channels connecting cells.

Detection of TNTs in single-cell populations
In dermal fibroblast cultures, TNTs were observed as long, thin projections bridging adjacent cells. Membrane staining with WGA (green) and F-actin labeling with phalloidin (red) confirmed their identity, with TNTs suspended above the substratum and highlighted by yellow arrowheads (Figure 1). To further distinguish TNTs from substrate-attached filopodia and improve reproducibility, a three-dimensional (3D) reconstruction was generated from z-stack images (Supplementary Figure 5). Similarly, in epidermal keratinocyte cultures, comparable TNT structures were observed, showing characteristic F-actin–positive protrusions connecting neighboring cells (Figure 2).

For quantitative assessment, TNTs were counted across representative imaging fields. On average, approximately 0.52 TNTs per dermal fibroblast and 0.21 TNTs per epidermal keratinocyte were detected. These findings provide evidence of TNT formation in both dermal and epidermal skin cell populations.

TNTs between dermal fibroblasts and epidermal keratinocytes
When fibroblasts and keratinocytes were co-cultured, TNTs were also identified between the two cell types. Dual labeling with WGA (green) for cell membranes and cytokeratin 5 (CK5, red) for epidermal cells enabled the clear distinction of cell types within co-cultures. TNTs were consistently detected spanning fibroblasts and keratinocytes, indicating that TNTs mediate heterotypic cell-to-cell communication in human skin (Figure 3).

Cytoskeletal components of TNT
Further characterization revealed heterogeneity in the cytoskeletal composition of TNTs. In dermal fibroblasts, TNTs contained only F-actin (Figure 4A), both F-actin and α-tubulin (Figure 4B), or partial α-tubulin labeling (Figure 4C). Similarly, in epidermal keratinocytes, TNTs were observed with only F-actin (Figure 5A), with both cytoskeletal components (Figure 5B), or with low levels of α-tubulin (Figure 5C). Heterotypic TNTs connecting dermal fibroblasts and epidermal keratinocytes also showed variable composition, including F-actin–only structures (Figure 6A), TNTs containing both filaments (Figure 6B), partial α-tubulin incorporation (Figure 6C), or low α-tubulin levels (Figure 6D). Together, these findings indicate that TNTs in skin cells are primarily supported by F-actin but can also recruit microtubules, suggesting functional diversity in cargo transport and structural stability.

Representative outcomes, success criteria, and troubleshooting
Across multiple experimental repeats, TNTs were consistently observed in ~70%–80% of confluent cultures under optimized fixation and staining conditions. A successful experiment should show clearly identifiable TNTs in the majority of fields (~70–80%), with continuous F-actin–positive protrusions that span between cells and remain suspended above the substratum. Fail criteria include widespread TNT truncation, discontinuous F-actin signal, or the inability to distinguish TNTs from filopodia.

Disruption of TNTs occurred if fixation steps were performed too harshly, highlighting the importance of gentle handling. TNT breakage was most commonly associated with rapid aspiration or pipetting, over-fixation, or abrupt washing steps. Incomplete or patchy staining was typically linked to insufficient permeabilization, expired reagents, or inadequate antibody incubation time. Correct identification required Z-stack imaging to distinguish TNTs from filopodia or substrate-adherent protrusions. Representative positive outcomes include TNTs clearly suspended above the substratum and double-positive staining for both membrane and F-actin (Figure 1, Figure 2, Figure 3). Suboptimal outcomes include partial staining loss or TNT breakage, which typically result in truncated or ambiguous structures.

Together, these results confirm that this protocol enables reproducible visualization of TNTs in human dermal fibroblasts, epidermal keratinocytes, and across dermal–epidermal interactions, while also allowing assessment of their cytoskeletal organization. This standardized approach provides a methodological basis for studying TNT-mediated intercellular communication in skin biology and tissue engineering applications.

FIGURE AND TABLE LEGENDS: 
Figure 1: Tunneling nanotubes between dermal fibroblasts. Dermal cells were stained with WGA (green) for membranes and phalloidin (red) for F-actin. The upper panels display the individual fluorescence channels, their merged image, and an inverted monochrome view of the WGA and Phalloidin image. The lower panel shows a magnified view of the boxed region in the upper panel. Yellow arrowheads indicate TNTs. Scale bar = 10 µm.

Figure 2: Tunneling nanotubes between epidermal keratinocytes. Epidermal cells were stained with WGA (green) for membranes and phalloidin (red) for F-actin. The upper panels display the individual fluorescence channels, their merged image, and an inverted monochrome view of the WGA and Phalloidin image. The lower panel shows a magnified view of the boxed region in the upper panel. Yellow arrowheads indicate TNTs. Scale bar = 10 µm.

Figure 3: Tunneling nanotubes between dermal fibroblasts and epidermal keratinocytes. (A-C) Individual fluorescence channels showing cells stained with WGA (green, membrane) and epidermal cells stained for CK5 (red). Nuclei are counterstained with DAPI (blue). (D) Merged image of channels A-C. (E) Magnified view (inset) of the boxed region in D, highlighting cellular TNTs. (F) Inverted monochrome view of the inset shown in E. Yellow arrowheads in E, F indicate representative TNTs. Scale bars = 10 µm.

Figure 4: Cytoskeletal composition of TNTs in dermal fibroblasts. (A) TNT containing only F-actin (phalloidin, red). (B) TNT containing both F-actin (red) and α-tubulin (blue). (C) TNT partially containing α-tubulin (blue). Membranes were stained with WGA (green) in (A, B). Yellow arrowheads indicate TNTs. Scale bar = 20 µm (main), 10 µm (inset).

Figure 5: Cytoskeletal composition of TNTs in epidermal keratinocytes. (A) TNT containing only F-actin (green). (B) TNT containing both F-actin (red) and α-tubulin (blue). (C) TNT containing a low level of α-tubulin (blue) in CK5+ epidermal cells (red). Membranes were stained with WGA (green) in (B). Yellow arrowheads indicate TNTs. Scale bar = 20 µm (main), 10 µm (inset).

Figure 6: Cytoskeletal composition of TNTs between dermal fibroblasts and epidermal keratinocytes. (A) TNT containing only F-actin (green). (B) TNT containing both F-actin (green) and α-tubulin (blue). (C) TNT partially containing α-Tubulin (blue). (D) TNT containing low levels of α-tubulin (blue). Epidermal cells were stained with CK5 (red). Yellow arrowheads indicate TNTs. Scale bar = 20 µm (main), 20 µm (A-C, inset), 5 µm (D, inset).

Supplementary Figure 1: Specificity validation of CK5 staining. Specificity validation of cytokeratin 5 (CK5) immunostaining as an epidermal cell marker. A positive control (anti-CK5 primary antibody followed by secondary antibody) is shown alongside negative controls, including antibody diluent only (2% BSA in PBS), primary antibody only, and secondary antibody only. For each condition, CK5 staining (red), nuclear staining with DAPI (blue), and merged images are shown. Scale bar = 50 µm.

Supplementary Figure 2: Specificity validation of α-tubulin staining. A positive control (anti-α-tubulin primary antibody followed by secondary antibody) is shown together with negative controls, including antibody diluent only (2% BSA in PBS), primary antibody only, and secondary antibody only. For each condition, α-tubulin staining (red), DAPI (blue), and merged images are displayed. Scale bar = 50 µm.

Supplementary Figure 3: Specificity validation of F-actin staining. Specificity validation of F-actin staining using phalloidin conjugates. (A) Phalloidin-488 (green) and (B) Phalloidin-Rhodamine (red) were tested using a positive control (anti-F-actin antibody) and a negative control (1% BSA in PBS diluent only). For each panel, the Phalloidin channel, DAPI (blue), and merged images are shown. Scale bar = 50 µm.

Supplementary Figure 4: Specificity validation of plasma membrane staining with wheat germ agglutinin (WGA). WGA staining (green) was evaluated using a positive control (WGA–Alexa Fluor 488) and a negative control (1x PBS diluent only). For each condition, the WGA channel, DAPI (blue), and merged images are shown. Scale bar = 50 µm.

Supplementary Figure 5: WGA staining distinguishes TNTs from adherent filopodia in dermal cells. WGA staining reveals distinct spatial localization of tunneling nanotubes (TNTs) and adherent filopodia in dermal fibroblasts. (A) Wide-field view of dermal cells stained with WGA to visualize the plasma membrane. The boxed region indicates the area shown at higher magnification. (B) Magnified view of the boxed region in (A). Red arrows indicate TNTs connecting adjacent cells, whereas blue arrows indicate substrate-adherent filopodia. (C) Inverted grayscale view of the magnified region shown in (B). (D) Three-dimensional reconstruction from the z-stack dataset showing an xz-plane side view of the cell base. Adherent filopodia (blue arrows) are localized at the basal plane, while the TNT (red arrow) projects above the substratum from a mid-cellular plane. Scale bars = 10 µm.

DISCUSSION:
A critical step in this protocol is the preservation of TNTs during fixation and staining, as these structures are extremely fragile and easily disrupted. Gentle handling during fixation, appropriate timing, and the use of fresh fixatives are essential to maintain TNT integrity. The use of Z-stack confocal imaging is equally important to distinguish TNTs suspended above the substratum from filopodia or other adherent protrusions, which may otherwise lead to misinterpretation. These considerations underscore the need for standardized procedures to achieve reproducible TNT visualization across laboratories, particularly in skin cells, which exhibit strong substrate adhesion and prominent actin-based protrusions that can complicate TNT identification. 

The fixation protocol is designed with three distinct solutions to meet different experimental needs, achieving a balance between fine structural preservation and antigenicity. Its core principle is to prioritize the quality of key staining targets by adjusting the composition and steps. Fixative Solution 1 contains 2% PFA, 0.05% glutaraldehyde, and HEPES buffer, which stabilizes pH during fixation to preserve membrane integrity. It is used for gentle pre-fixation. The low concentration of PFA mildly stabilizes overall cell morphology, while the very low concentration of glutaraldehyde reinforces membrane-associated structures, preserving binding sites for probes such as WGA. Skipping this step may result in membrane damage and unclear WGA staining. Fixative Solution 2 contains 4% PFA and HEPES buffer. It serves as the main fixative, ensuring sufficient crosslinking while maintaining antigenicity. Fixative Solution 3 contains 4% PFA and 0.05% glutaraldehyde and offers enhanced preservation of cytoskeletal structures, with acceptable antigen retention after permeabilization.

When staining with WGA, a sequential application of Solutions 1 and 2 preserves membrane structure while providing complete fixation. When membrane staining is not required, Solution 3 alone is appropriate and simplifies the workflow. In summary, this fixation protocol provides clear, practical decision points for users depending on experimental goals, prioritizing membrane staining quality or streamlined cytoskeletal labeling as needed.

Potential problems encountered during this protocol, along with their solutions, are outlined below. Cells may be unevenly distributed within the chamber. Since cell density affects TNT formation, even seeding is essential. Recommended steps include pre-adding medium, gently cross-mixing after seeding, and confirming distribution under a microscope. Background or non-specific staining may occur. Lower antibody concentrations, minimal mounting medium, appropriate gain settings, and proper antibody–species compatibility improve signal quality. Fluorescence quenching is common during imaging; reducing laser intensity whenever possible minimizes signal loss. These practical measures provide users with direct, actionable guidance to avoid common pitfalls.

Compared with live-cell imaging1,23, electron microscopy24,25, and reporter-based TNT systems26, this protocol offers a practical balance between accessibility and reproducibility, particularly for primary human skin cells. While each alternative method has strengths, this approach is better suited for fixed-sample analysis where TNT integrity, cytoskeletal composition, and consistency across replicates are required.

[bookmark: _Hlk216718279]Despite its reliability, the method has some limitations. TNT detection is restricted to in vitro conditions and relies on imaging fixed samples, which may not fully capture their dynamic behavior. Live-cell imaging with fluorescent reporters or membrane trackers would provide additional insights into TNT formation and function, but these approaches require specialized imaging systems and may introduce phototoxicity. Future studies may explore in vivo or ex vivo approaches, such as intravital microscopy or tissue-clearing–based imaging, to investigate TNT-like structures within skin tissues, although significant technical challenges remain. Moreover, while this protocol confirms the presence of cytoskeletal elements such as F-actin and α-tubulin, it does not yet resolve whether distinct TNT subtypes in skin cells perform specialized transport functions, as reported in immune and neuronal systems7,12,13.

An advantage of this protocol is the consistent fixation and staining sequence, which helps preserve TNT structure—a step that often fails in less standardized methods. Clear guidance on fixation order, temperature, and gentle handling improves repeatability between experiments. This is particularly important for skin cells, which are flattened, highly adherent, and prone to form filopodia-like structures that can be mistaken for TNTs without careful z-stack analysis. The method is also well-suited to primary human skin cells, which are difficult to genetically modify, making it more practical than reporter-based or live-cell labeling approaches. The combination of membrane labeling and Z-stack imaging provides a reliable means to distinguish TNTs from filopodia, a common source of misidentification.

The ability to detect TNTs in both dermal fibroblasts and epidermal keratinocytes, as well as across these cell types, has significant implications for skin biology and tissue engineering. Epidermal–dermal communication regulates key processes, including wound healing, angiogenesis, and hair follicle regeneration18-20. In the context of tissue engineering, TNTs may contribute to intercellular coordination during skin reconstruction, graft integration, or response to biomaterial scaffolds. TNT-mediated transfer of organelles, proteins, or signaling molecules may represent a previously unrecognized mechanism in these contexts. Standardizing a reproducible protocol for TNT visualization thus provides a foundation for future studies into their roles in skin homeostasis, pathological remodeling, and potential therapeutic manipulation. By enabling systematic TNT analysis, this protocol may facilitate future studies linking TNT formation to functional outcomes in regenerative skin models. By enabling reproducible detection, this method expands the toolkit available for studying intercellular communication in complex tissue environments.
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