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SUMMARY:
This protocol describes a cost-effective workflow for mono- and multiplex immunofluorescence (IF) of adherent two-dimensional cell cultures, reducing experimental costs through inexpensive glass coverslips, standard 24-well plates, and low-volume staining conditions that minimize antibody consumption, while providing a representative approach for protein localization with standard fluorescence microscopy.

ABSTRACT: 
Immunofluorescence (IF) microscopy is a widely used technique for visualizing protein localization and co-distribution at single-cell resolution while preserving cellular morphology and subcellular organization. The goal of this protocol is to present a practical and cost-effective workflow for mono- and multiplex immunofluorescence staining of adherent 2D cell cultures using standard laboratory materials. The method relies on culturing cells on inexpensive glass coverslips placed in conventional 24-well plates and implements multiplexing through host-species separation of primary antibodies, spectrally distinct fluorophores, and robust control conditions, including no-primary, no-antibody, single-stain, and crosstalk controls to ensure interpretability of multiplex IF. Low-volume staining steps are used to reduce reagent and antibody consumption without compromising signal quality. This workflow avoids the need for specialized imaging plates or chambers and is compatible with routine widefield or confocal fluorescence microscopy. Overall, this protocol provides an accessible and practical immunofluorescence workflow for representative assessment of protein localization and co-distribution in adherent cell cultures. Adaptation to other cell types or antibody panels requires target-specific optimization, including antibody validation, fixation and permeabilization conditions, fluorophore selection, and compatibility with microscope and filter sets. 

INTRODUCTION: 
Immunofluorescence (IF) microscopy is widely used to visualize the subcellular localization, relative abundance, and colocalization of proteins in fixed cells, thereby linking molecular markers to cellular morphology and subcellular context1,2. In contrast to bulk readouts (e.g., immunoblotting) or dissociative single-cell assays (e.g., flow cytometry), IF preserves cellular spatial organization and is particularly useful for assessing cell-to-cell phenotypic heterogeneity and changes in subcellular protein distribution at single-cell resolution3,4,5. As experimental questions increasingly require simultaneous assessment of multiple markers, multiplex IF enables the concurrent detection of two or more targets within the same specimen, commonly by combining primary antibodies raised in different host species with spectrally distinct fluorophores6 (Figure 1), using direct and/or indirect detection strategies (Figure 2). However, multiplexing introduces key technical challenges, especially antibody cross-reactivity and spectral crosstalk, that can compromise interpretability unless addressed through careful panel design and rigorous control conditions7,8. 	

 The overall goal of this method is to provide a practical, low-cost workflow that is broadly applicable to immunofluorescence-validated antibodies and optimized for routine imaging of adherent 2D cultures. Multiplexing is implemented through host-species separation, spectrally distinct fluorophores, and control groups that verify background levels and staining performance9,10. By using 12 mm glass coverslips in standard 24-well plates rather than specialized chambered slides, this workflow avoids a dedicated, higher-cost consumable in favor of materials that are standard stock in most cell culture laboratories. The workflow also uses substantially less staining solution per unit growth area (150 µL for ≈1.13 cm², or ≈133 µL/cm²) than comparable chambered coverslip formats11,12, which typically require 300–500 µL/cm², corresponding to an approximately 2- to 4-fold reduction in per-area antibody and reagent consumption. Accordingly, the protocol supports qualitative multi-target assessment of marker localization and co-distribution using standard widefield or confocal microscopes, along with cytoskeletal and nuclear counterstains. This workflow is intended for conventional fixed-cell multiplex IF based on host-species separation and spectral distinction, and is not designed for iterative or high-dimensional multiplex approaches.

PROTOCOL: 
This study did not involve human participants or animal subjects. All experiments were performed using the D17 canine osteosarcoma cell line, an established cell line obtained from a public cell bank (Banco de Células do Rio de Janeiro, Cat. No. 0276). No ethical approval was therefore required.

1. Cell line maintenance

1.1. Maintain adherent cells under standard culture conditions (37 °C, 5% CO₂, humidified incubator) using the appropriate complete medium for the cell line used. 

NOTE: As a representative example, D17 canine osteosarcoma cells (Banco de Células do Rio de Janeiro [BCRJ], Cat. No. 0276) are maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic, subcultured at 70–80% confluence using trypsin-EDTA(ethylenediaminetetraacetic acid), and used within a validated passage range (e.g., passages 5–20).

1.2. Confirm mycoplasma-negative status before experiments using a validated mycoplasma detection assay. 

2. Preparation of 24-well plate and glass coverslips

NOTE: Coverslip surfaces should be cleaned by immersion in 70% ethanol (5 min, repeated 3×) prior to sterilization by either method described below; after sterilization, coverslips should be stored in a closed container at room temperature until use.

2.1. Place clean 12 mm round glass coverslips in a glass Petri dish (or coverslip holder) and autoclave. Autoclave a pair of fine-tipped metal forceps as well. 

2.2. Alternative: Clean coverslips and forceps with 70% ethanol, allow to air-dry, and surface-decontaminate by ultraviolet (UV) exposure (30 min) inside a biosafety cabinet prior to use. Store sterilized coverslips in a closed container at room temperature until use.

2.3. In a biosafety cabinet, use the sterile forceps to transfer one sterile coverslip into each well designated for the experimental groups in a 24-well tissue culture plate.

2.4. Optional: coat coverslips with adhesion-promoting coatings following the manufacturer’s instructions or established laboratory guidelines, if required for the cell type used. 

NOTE: Coating options (poly-L-lysine, collagen I, or fibronectin) and their working concentrations are listed in the Table of Materials. For most adherent cell lines cultured on glass, uncoated, sterilized coverslips are sufficient; coating components may be antigenic, so the selected coating should not cross-react with any antibodies in the panel.	

2.5. If coverslips were coated, aspirate the excess coating solution, rinse once with sterile phosphate-buffered saline (PBS), and allow coverslips to air-dry in the biosafety cabinet before cell seeding. 

3. Experimental groups

3.1. Include a panel of controls appropriate to the multiplex design. 

NOTE: A no-antibody control (neither primary nor secondary antibody) reveals intrinsic autofluorescence, and a no-primary control (secondary antibody cocktail without any primary) assesses non-specific secondary binding and background across all channels simultaneously; because this protocol uses strictly spectrally distinct secondary antibodies, this single control evaluates each secondary independently within its respective channel, serving the same purpose as a secondary-only control per fluorophore. Single-stain controls, in which each primary–secondary pair is applied individually, validate the performance of each antibody before multiplex combination and, by comparison with the multiplex condition, allow assessment of spectral crosstalk for each fluorophore pair. Whenever possible, a positive control that expresses the target antigen is used to confirm assay performance.	

4. Cell seeding (plating) on coverslips

4.1. In a biosafety cabinet, detach cells using trypsin (or other appropriate dissociation method), neutralize, and resuspend in complete culture medium.

4.2. Count cells using an automated cell counter or a hemocytometer.

4.3. Dilute cells to 6 × 10⁴–1 × 10⁵ cells/mL.

4.4. Add 0.5 mL of cell suspension per well (final: 3 × 10⁴–5 × 10⁴ cells/well).

NOTE: If needed, a sterile pipette tip can be used to gently ensure the coverslip lies flat at the bottom of the well, avoiding scratching.

4.5. Incubate cells under standard conditions (37 °C, 5% CO₂) until until cells have adhered and reached the desired confluence or experimental time point is reached.

5. Cell treatment (Optional)

5.1. Select the treatment timing according to the experimental design. Treatment may include pharmacological therapy, cytokine stimulation, genetic manipulation to induce or knock down target gene expression, or other experimental interventions, as applicable. 	

5.2. Label wells to identify control and treated groups.

5.3. Incubate for the required time points; avoid over-confluency, as overgrowth increases background and compromises morphology.

NOTE: Cells should be adhered to the coverslip before fixation, unless the design requires fixation immediately after seeding.

5.4. For rapidly secreted targets (e.g., cytokines), add brefeldin A (BFA) to the culture medium at a final concentration of 1–10 µg/mL (commonly 5 µg/mL) and incubate for 4–6 h at 37 °C, 5% CO₂ before fixation.

5.5. Remove the BFA-containing medium and proceed immediately to Fixation.	

6. Immunofluorescence staining

NOTE: From fixation onward, sterile technique is not required; staining may proceed on the bench, using a chemical fume hood whenever a CAUTION reagent is handled. Samples must not dry at any point; when aspirating, a thin buffer film is left, and the next solution is added immediately.

6.1. Fixation (choose one):

NOTE: The fixative is selected according to target localization and epitope sensitivity (see Discussion): Paraformaldehyde(PFA) (formaldehyde prepared from paraformaldehyde) suits most targets and is phalloidin-compatible; methanol may aid certain nuclear/phospho-epitopes but impairs F-actin staining.

6.1.1. PFA fixation (recommended for most targets):

6.1.1.1. Aspirate medium and gently rinse once with Tris-buffered saline (TBS) (0.5 mL/well).

6.1.1.2. Add 4% PFA in PBS (phosphate-buffered saline)  (0.5 mL/well) and incubate for 10 min at room temperature (≈25 °C).

6.1.1.3. Aspirate PFA and wash 3× with TBS (aspirate promptly; do not let wells dry).	 

NOTE: CAUTION: PFA is toxic and a potential carcinogen. Handle PFA solutions in a certified chemical fume hood while wearing appropriate personal protective equipment (lab coat, gloves, and eye protection). Avoid inhalation and skin contact, and dispose of waste in accordance with institutional chemical safety guidelines.

6.2. Alternatively, Methanol fixation (useful for some nuclear antigens and certain phospho-epitopes):

6.2.1. Pre-chill 100% methanol to −20 °C.

6.2.2. Add ice-cold methanol directly to cells (0.5 mL/well) and incubate for 5 min at −20 °C.

6.2.3. Wash 3× with TBS (aspirate promptly; do not let wells dry).

NOTE: After methanol fixation, additional permeabilization may be unnecessary and should be optimized per antibody/epitope. Methanol fixation can damage membrane epitopes and impair fluorophore-conjugated phalloidin/F-actin staining.	CAUTION: Methanol is toxic, volatile, and highly flammable. Handle in a well-ventilated area or chemical fume hood; wear appropriate personal protective equipment; and keep away from open flames and heat sources. OPTIONAL STOPPING POINT: After fixation, store samples at 4 °C in PBS containing a low concentration of fixative (e.g., PBS  + 0.1% PFA) for up to one week; validate storage timing for each antigen.

6.3. Aldehyde quenching (Optional)

6.3.1. Incubate with 50 mM glycine in TBS (0.5 mL/well) for 5 min at room temperature (≈25 °C).

6.3.2. Wash 3× with TBS + 0.05% polysorbate 20.

NOTE: Glycine neutralizes free aldehyde groups remaining after PFA fixation, reducing fixation-related autofluorescence and improving antibody staining specificity.

6.4. Permeabilization

6.4.1. If targeting membrane proteins, skip permeabilization and proceed to step 6.5.1. 

6.4.2. If targeting intracellular or nuclear proteins, permeabilize with 0.1–0.3% non-ionic detergent in TBS (0.5 mL/well) for 5–10 min at room temperature (≈25 °C). 

6.4.3. Wash 3× with TBST.	

NOTE: Octylphenol ethoxylate nonionic detergent concentration and time are optimized to the target; adequacy is judged by correct-compartment signal, preserved morphology, well-defined F-actin, and low background (see Discussion). If saponin is used, it is maintained in all subsequent antibody and wash buffers. CAUTION: Octylphenol ethoxylate nonionic detergent is harmful if inhaled or in contact with skin and may cause eye irritation. Handle with gloves and avoid aerosol formation.

6.5. Blocking

6.5.1. Add 0.5 mL/well of blocking solution (5% bovine serum albumin (BSA), in TBS) and incubate for 30 min at room temperature (≈25 °C). 

6.5.2. Aspirate blocking buffer.

6.5.3. Proceed directly to primary antibody incubation (do not wash).

6.6. Primary antibody incubation

NOTE: Primary and secondary antibody dilutions are established empirically by titration (see Discussion).

6.6.1. Prepare single- or multiplex primary antibody panels in Tris-buffered saline containing 0.05% polysorbate 20 and 1% BSA (TBST supplemented with bovine serum albumin (TBST-BSA) 1%), using pre-optimized antibody concentrations for each target.

6.6.2. For multiplex immunofluorescence, combine all unconjugated primary antibodies directed against distinct antigens from different host species (e.g., mouse anti-interferon-β, Interferon β
(IFN-β)  + rabbit anti-p14ARF + goat anti-actin) into a single antibody cocktail.

6.6.3. Add 150 µL per well, ensuring the entire coverslip is fully covered by the antibody solution.

NOTE: To prevent evaporation at low volume, the plate is incubated in a humidified chamber (e.g., a sealed box with damp tissue).	

6.6.4. Incubate for 1.5 h at room temperature (≈25 °C) or 12–16 h at 4 °C.

6.6.5. Wash 3× with TBST for 3 min each at room temperature (≈25 °C), aspirate promptly after each wash.

6.7. Secondary antibody incubation (and directly conjugated primaries, when applicable)

NOTE: From this step onward, samples are kept protected from light to prevent photobleaching. Spectrally distinct fluorophores are used across secondary antibodies and any directly conjugated primaries to minimize crosstalk (e.g., spectrally distinct fluorophores), and species-specific, highly cross-adsorbed secondary antibodies are used to minimize binding to non-cognate primary antibodies. Fluorophore panel design, including nuclear and cytoskeletal markers, and microscope excitation/emission compatibility are addressed in the Discussion.	

6.7.1. Dilute secondary antibodies in TBST-BSA 1% solution using pre-optimized concentrations. For multiplex detection, combine all secondary antibodies corresponding to the host species of the primary antibodies used (one secondary per host species) into a single cocktail.

6.7.2. Add 150 µL per well, ensuring the entire coverslip is fully covered.

6.7.3. Incubate for 1 h at room temperature (≈25 °C).

NOTE: If the panel includes one or more directly conjugated primary antibodies, add them together with the secondary antibody cocktail and extend the incubation to 1.5 h at room temperature (approximately 25 °C).

6.7.4. Wash 3× with TBST for 3 min each at room temperature (≈25 °C), aspirating promptly after each wash.

7. Nuclear counterstain and f-actin staining

7.1. Add nuclear counterstain  Hoechst 33342 (1:5000) diluted in TBS and incubate for 15 min at room temperature (≈25 °C), protected from light. If F-actin is to be labeled with phalloidin rather than an anti-actin antibody, include phalloidin (1:400) in the same solution. 

7.2. Wash 3× with TBST, aspirating promptly after each wash (do not let wells dry).

7.3. Add 0.5 mL TBS to each well to keep coverslips submerged until retrieval/mounting.

8. Coverslip retrieval and slide mounting

8.1. While the coverslips remain submerged in TBS, insert the tip of a fine needle or scalpel under the edge of the coverslip and gently lever it upward until one side is partially lifted. Using fine forceps, grasp the coverslip and remove it from the well.

NOTE: Removing a coverslip when it is not submerged may cause it to adhere firmly to the bottom of the well due to surface tension, increasing the risk of breakage.

8.2. Holding the coverslip with forceps, carefully wick excess TBS from the edges using a vacuum aspirator or absorbent paper. Avoid touching the cell-covered surface.

NOTE: Excess residual liquid should be avoided, as it can dilute the mounting medium and compromise image clarity and contrast.	

8.3. Place the coverslip cell-side down onto a clean glass slide containing a small drop (≈3 µL) of mounting medium.	

NOTE: A commercial self-curing antifade medium or a homemade medium based on 80% glycerol/Phosphate-buffered saline (PBS) may be used; glycerol-based mounts are sealed with clear nail polish, and media without nuclear stain are selected after counterstaining. Storage limits and fluorophore stability guidance are provided in the Discussion.	  

8.4. Allow slides to cure horizontally for ≈24 h, protected from light, before image acquisition.

REPRESENTATIVE RESULTS: 
This protocol supports mono- and multiplex immunofluorescence staining of adherent canine tumor cells cultured on glass coverslips, allowing simultaneous visualization of nuclear, cytoplasmic, and cytoskeletal markers while preserving cellular morphology. Representative outcomes are illustrated in Figure 3. 

In successful experiments, D17 canine osteosarcoma cells engineered to express canine p14ARF or canine IFN-β by genetic manipulation (Section 5.1) displayed strong, spatially appropriate fluorescent signals with low background and minimal nonspecific staining. For p14ARF expressing cells (Figure 3A), immunofluorescence revealed a predominantly nuclear localization, consistent with the known subcellular distribution of p14ARF. The use of 0.3% octylphenol ethoxylate nonionic detergent permeabilization enabled efficient antibody access to nuclear epitopes while preserving nuclear morphology and cytoskeletal integrity, as confirmed by clear nuclear counterstaining and actin structures visualized with an anti-actin antibody (orange-emitting fluorophore).

For IFN-β-expressing cells (Figure 3A), a cytoplasmic signal was observed following incubation with BFA to block protein secretion, allowing intracellular accumulation and detection of this soluble cytokine. Under these conditions, milder permeabilization was sufficient to allow antibody penetration without excessive extraction of cytoplasmic contents. Successful staining was characterized by punctate-to-diffuse cytoplasmic fluorescence, minimal nuclear crosstalk, and preserved actin architecture.

Suboptimal outcomes were observed when key parameters were not properly optimized. Insufficient permeabilization resulted in weak or absent nuclear p14ARF signal, as shown for the non-permeabilized condition (0% octylphenol ethoxylate nonionic detergent; Figure 3B and Supplementary Figure 1). Conversely, excessive permeabilization (≥0.5%  octylphenol ethoxylate nonionic detergent or extended incubation times) can lead to partial loss of cytoskeletal staining, increased background fluorescence, and compromised cellular morphology. In experiments with rapidly secreted proteins (e.g. IFN-β), omission of BFA frequently produced a weaker intracellular signal, reflecting rapid secretion rather than protocol failure.

Single-stain controls (Supplementary Figure 2) showed signal only in the channel corresponding to each target, supporting the specificity of the observed immunofluorescence staining. Negative control conditions, including no-primary-antibody and no-antibody controls (Supplementary Figure 2), showed the expected nuclear staining, with negligible signal in antibody-dependent channels, indicating low autofluorescence and minimal nonspecific binding of the secondary antibody.	


Together, these representative results demonstrate that the protocol supports the detection of proteins with distinct subcellular localizations when fixation, permeabilization strength, and specific target-dependent strategies (e.g., secretion blocking) are matched to target biology. Proper optimization results in strong, specific fluorescence with low background and preserved cellular morphology, whereas non-optimal conditions lead to weaker or noisier signals and altered cellular structure.

FIGURE AND TABLE LEGENDS: 
Figure 1: Overview flowchart of the mono- and multiplex immunofluorescence workflow. Principal steps from cell culture maintenance through image acquisition, including the two decision points requiring target-dependent selection: fixation method (PFA versus methanol) and permeabilization (based on target subcellular localization). Optional experimental treatment, including brefeldin A (BFA) pretreatment for rapidly secreted targets, is indicated as a branch prior to fixation. Optional steps not shown for clarity (e.g., aldehyde quenching) are described in the full Protocol.

Figure 2: Schematic representation of antibody-based fluorescence detection strategies. Direct detection uses fluorophore-conjugated primary antibodies, while indirect detection uses unconjugated primary antibodies paired with fluorophore-conjugated secondary antibodies, the strategy adopted throughout this protocol. For multiplex applications, indirect detection requires unconjugated primary antibodies raised in different host species, allowing each secondary antibody to selectively recognize its corresponding primary without cross-reactivity.

Figure 3: Multiplex immunofluorescence of D17 canine osteosarcoma cells. D17 cells (5 × 10⁴) were seeded on glass coverslips in 24-well plates and fixed with 4% paraformaldehyde (PFA) for 10 min at 25 °C. Cells were subjected to multiplex immunofluorescence using anti-p14ARF (1:200; green-emitting fluorophores), anti-actin (orange-emitting fluorophores), and anti-interferon-β (IFN-β) (1:200; far-red-emitting fluorophores) primary antibodies, with corresponding secondary antibodies at 1:500. Nuclei were counterstained. Prior to IFN-β detection, cells were treated with BFA (5 µg/mL, 4 h) to block protein secretion. (A) Cells were permeabilized with 0.3% non-ionic detergent for 10 min at 25 °C. (B) Cells processed without permeabilization (0% non-ionic detergent ). Representative images from 2 independent biological replicates, each performed in 2 technical replicates. Only merged channels are shown in this figure; individual channels are provided in Supplementary Figure 1. Differences in labeling are observable between conditions, particularly for p14ARF (A; arrows), an intranuclear target, whose signal was absent in the non-permeabilized group (B). Panels A and B were acquired and processed using identical settings (Supplementary Table 1). Negative and single-stain controls corresponding to this panel are shown in Supplementary Figure 2. Scale bar: 100 µm.	


Supplementary Figure 1: Individual fluorescence channels corresponding to Figure 3, organized by marker with permeabilized (left column) and non-permeabilized (right column). Conditions shown side by side: Hoechst 33342 (A, B), p14ARF (C, D; green-emitting fluorophores), actin (E, F; orange-emitting fluorophore), and IFN-β (G, H; far-red-emitting fluorophores), alongside the corresponding merged panels (I, J), matching Figure 3A and 3B, respectively. Arrows indicate representative p14ARF nuclear staining; ellipses indicate representative actin (E) and IFN-β (G) staining, respectively. Loss of p14ARF nuclear signal, along with sub-optimal labeling of IFN-β and actin, is evident under non-permeabilized conditions. Residual signal observed in (D; asterisk) reflects spectral crosstalk from co-present fluorophores, confirmed by its absence in the corresponding single-stain and secondary-only controls (Supplementary Figure 2). Scale bar: 100 µm.	

Supplementary Figure 2: Combined immunofluorescence controls corresponding to the multiplex panel in Figure 3. For each control group, individual channels (Hoechst 33342, green-emitting fluorophores, orange-emitting fluorophore, and far-red-emitting fluorophores) are shown alongside the merge (fifth column). (A–E) No-antibody control: cells processed without primary or secondary antibodies. (F–J) Secondary-only control: cells incubated with the secondary antibody cocktail in the absence of primary antibodies. (K–O) p14ARF single-stain control (green-emitting fluorophores). (P–T) Actin single-stain control (orange-emitting fluorophore). (U–Y) IFN-β single-stain control (far-red-emitting fluorophores). Acquisition and processing settings were identical to those used in Figure 3 (Supplementary Table 1). Scale bar: 100 µm.	

Supplementary Table 1: Fluorescence filter cube specifications and acquisition order. Images were acquired sequentially on an inverted widefield fluorescence microscope (40×/0.80 objective) using the filter cubes listed below, in the order shown, for every field imaged in Figure 3, Supplementary Figure 1, and Supplementary Figure 2. Images were acquired as single optical planes (no z-stacking). Excitation intensity was set using the illumination-intensity control or fluorescence-intensity control setting at the indicated levels, with the incident-light field diaphragm held at position 6 for all channels. Camera settings (8-bit digitization, 3072×2048 format, gamma 1.0) and a fixed digital sharpening setting were identical for all channels and panels, including the control images in Supplementary Figure 2. A single linear brightness/contrast adjustment was applied identically to all channels and panels for display. Images were exported as TIFF. 

Supplementary Table 2: Troubleshooting guide for common technical issues in the immunofluorescence workflow. Common problems, likely causes, and corrective actions across the protocol.

DISCUSSION: 
Several steps are critical for the consistent performance of this coverslip-based immunofluorescence workflow. All procedures are performed within the confined environment of a 24-well culture well, which simplifies handling, limits sample manipulation, and enables complete coverslip coverage using low reagent volumes, thereby reducing antibody consumption per experiment. Because these low-volume solutions are prone to evaporation, incubations are best performed in a humidified chamber, and samples must never be allowed to dry: even brief drying increases background fluorescence and degrades cellular morphology. When aspirating, a thin film of buffer is left on the coverslip, and the next solution is added immediately.

Proper cell seeding density and controlled confluency at the time of fixation are essential to limit background and preserve morphology, as overgrowth increases background and compromises cellular architecture. Precise control of incubation time and temperature is likewise required throughout, since both influence fixation efficiency, antibody binding, and background signal⁵,¹³. When ambient conditions fluctuate, a temperature-controlled incubator or dry oven set to 25 °C, combined with consistent incubation timing across replicates, improves reproducibility. 

Fixation is the first decisive step, as it determines antigen preservation and cellular architecture⁵, and the fixative is selected according to target localization and epitope sensitivity. PFA is recommended for most membrane-associated, cytoplasmic, nuclear, and cytoskeletal targets, as it preserves architecture, maintains antigen distribution, and is compatible with phalloidin-based F-actin staining. Methanol may be preferred for certain nuclear antigens poorly detected after cross-linking fixation, particularly phospho-epitopes or aldehyde-sensitive epitopes, but it disrupts membrane integrity, extracts soluble proteins, and impairs phalloidin/F-actin staining; compatibility should be validated for each target 13,14,15,16. For soluble cytokines and other rapidly secreted proteins, PFA fixation combined with BFA pretreatment retains intracellular signal prior to fixation: BFA blocks protein transport from the endoplasmic reticulum to the Golgi apparatus, promoting intracellular accumulation of secreted proteins and enabling their detection by immunofluorescence. When targets with conflicting fixation requirements must be detected simultaneously, empirical optimization is required. Glyoxal, a small dialdehyde, has been reported as an alternative to PFA, with faster cross-linking, improved antigen preservation, and compatibility with immunofluorescence and super-resolution microscopy; we have no direct experience with glyoxal fixation and present it as a literature-supported option17,18.

Following fixation, appropriate permeabilization enables antibody access to intracellular and nuclear epitopes while maintaining structural integrity⁵. Insufficient permeabilization typically yields weak or absent signal despite intact morphology, indicating restricted antibody access, whereas excessive permeabilization extracts soluble proteins, disrupts membranes, causes loss of cytoskeletal staining, and increases background. Detergent type, concentration, and incubation time are therefore optimized for the target. Adequate permeabilization can be judged by four criteria: (i) specific signal in the expected subcellular compartment; (ii) preserved morphology, with intact nuclear and cytoplasmic boundaries resolved by Hoechst 33342 and phalloidin, respectively; (iii) well-defined F-actin staining, since diffuse or lost cytoskeletal signal indicates over-permeabilization; and (iv) low background in negative controls. If these criteria are not met, octylphenol ethoxylate nonionic detergent concentration and/or incubation time are adjusted empirically. When membrane-associated and intracellular antigens are combined in a single panel, milder conditions (lower detergent concentration, shorter incubation) preserve membrane epitopes while allowing intracellular access, and a time course starting at 5 min and increasing incrementally is useful. If saponin is used instead, it must be maintained in all subsequent antibody and wash buffers, as its permeabilizing effect is reversible.

Antibody concentrations are established empirically by titration rather than adopted from generic recommendations. A practical approach is a serial dilution series spanning at least 3–4 concentrations above and below the manufacturer's suggested dilution (e.g., 1:50, 1:100, 1:200, and 1:400 for a recommended 1:200), applied to replicate coverslips under identical conditions. Each dilution is evaluated for specific signal intensity in the expected compartment; signal-to-background ratio, comparing stained samples with the corresponding no-primary control and secondary background with the no-antibody control; and preservation of morphology. The lowest concentration giving a strong, specific signal with minimal background is selected. Persistent high background is commonly mitigated by further titration, extended blocking, or increased wash stringency, whereas weak signal may reflect excessive fixation, suboptimal antibody concentration, failure of the primary antibody to recognize its target epitope, a mismatch between the secondary antibody and the host species of the primary (e.g., an anti-rabbit secondary applied to a mouse-host primary), or loss of fluorophore signal through secondary antibody degradation caused by expiry or improper storage, particularly repeated light exposure. If signal is absent across all dilutions, it is worth extending primary incubation or switching to overnight at 4 °C, confirming antigen expression in the cell line, verifying antibody compatibility with the fixation and permeabilization conditions, checking the lot, storage, and expiry of the primary and secondary antibodies, confirming that the microscope carries appropriate excitation and emission filters for the fluorophore, and, if the problem persists, testing an alternative clone. When preparing working solutions, the required cocktail volume is the number of wells multiplied by 150 µL plus roughly 10% excess to offset pipetting loss; the stock volume of each antibody equals this total divided by its dilution factor (e.g., 825 µL ÷ 200 = 4.13 µL for a 1:200 dilution), with the balance made up in TBST–BSA 1%. The same calculation applies to the secondary cocktail, with the corresponding dilution factor substituted.

Multiplexing performance ultimately depends on fluorophore panel design. Fluorophores assigned to the primary targets, the nuclear counterstain, and the cytoskeletal marker must be coordinated to avoid spectral overlap or signal duplication, and the imaging system must support excitation and detection of every selected fluorophore⁹,¹⁰; excitation and emission ranges for each filter cube are provided in Supplementary Table 1, allowing direct comparison of spectral compatibility across the panel. Users adapting this panel to other fluorophores are advised to select combinations with minimal adjacent-channel overlap where possible, and to verify the absence of crosstalk in single-stain controls before combining targets, as done here. Residual signal attributable to co-present fluorophores was observed across all acquired channels in the multiplex panel (Supplementary Figure 1) but was absent in the corresponding single-stain and secondary-only controls (Supplementary Figure 2), indicating spectral crosstalk from the broadband filter sets used in widefield acquisition (potentially reducible with confocal, laser-based excitation). Given the spatial separation between the nucleolar localization of p14ARF and the filamentous/cytoplasmic distribution of actin and IFN-β, this crosstalk does not compromise the interpretation of p14ARF localization in the multiplex panel. This workflow relies on conventional fluorophore-based multiplexing, in which the number of simultaneously resolvable targets is constrained by the available antibody host species and spectrally distinct fluorophores. Higher-order multiplexing can be achieved through cyclic immunofluorescence or spectral imaging, which permit iterative staining/bleaching or linear unmixing of overlapping fluorophores, respectively, but require specialized equipment and software not addressed here19,20.

Mounting medium affects both image quality and signal longevity. A commercial self-curing antifade medium or, as a homemade alternative, 80% glycerol in PBS (no antifade, no self-curing) may be used; homemade glycerol-based mounts are sealed with clear nail polish to prevent drying and coverslip movement, and media without nuclear stains are chosen once nuclear counterstaining has been performed. Images are best acquired promptly after curing. When immediate imaging is not possible, cured slides can be stored in a dark box at 4 °C for 2–4 weeks or at −20 °C for up to 6 months, bearing in mind that highly photolabile fluorophores (e.g., green-emitting fluorophores) lose signal over time even under optimal storage conditions. Commercial antifade media substantially extend fluorophore stability relative to homemade glycerol-based media; when the latter are used, acquisition within 24–48 h is strongly recommended. Clear nail polish is compatible with most fluorophores and does not appreciably affect signal preservation, provided that at least 30 min of dark curing is allowed before storage.

From the fixation step onward, sterile technique is no longer required, and staining can proceed on the bench, reserving a certified chemical fume hood for any reagent labeled CAUTION. D17 and other tumor-derived cell lines are handled in accordance with institutional biosafety guidelines for risk group 1 or 2 materials, as applicable. All materials that contact cultured cells, coverslips, tips, medium, and liquid waste are decontaminated before disposal: liquid waste is inactivated with bleach to a final concentration of 10% for at least 30 min, and solid waste is discarded in appropriate biological waste containers. Chemical waste containing PFA, methanol, or octylphenol ethoxylate nonionic detergent is segregated and disposed of in accordance with institutional chemical safety regulations.

Although designed to be broadly useful, this workflow is best regarded as amenable to target-dependent adaptation rather than a rigid, universal procedure; successful application depends on the investigator's understanding of each antigen's localization, solubility, epitope accessibility, and sensitivity to fixation and permeabilization. Two limitations should be emphasized. First, the staining assessment here is qualitative, based on comparison with negative controls and expected subcellular localization, rather than formal signal-to-background quantification; accordingly, the consistency reported here reflects reproducible qualitative staining across replicate coverslips and control conditions, rather than quantitatively validated performance. A consolidated troubleshooting guide summarizing common problems, likely causes, and corrective actions is provided in Supplementary Table 2. Laboratories requiring quantitative readouts can use open-source platforms such as open-source image-analysis software for mean-intensity measurement, background subtraction, Region of Interest (ROI)-based quantification, and intensity profiling21. Second, the representative data derive from a single adherent canine tumor line (D17), so extension to other cell types, species, or antigen combinations will require target-specific re-optimization of fixation, permeabilization, and antibody conditions. 

In summary, this protocol provides a flexible, cost-effective workflow for mono- and multiplex immunofluorescence in adherent 2D cultures, combining low reagent consumption with consistent staining performance on standard laboratory equipment while accommodating informed, target-dependent adaptation.
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