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Abstract

Microbial biofilms are structured communities of microorganisms embedded in a self-produced extracellular
matrix, adhering to surfaces. These biofilms enhance bacterial resistance to antibiotics, immune responses, and
environmental stress. Current microscopy techniques, such as scanning electron microscopy (SEM), confocal
laser scanning microscopy (CLSM), and fluorescence microscopy, are commonly used to visualize and
differentiate biofilms. However, their high cost and complexity often render them impractical. In contrast,
simpler methods like crystal violet and Congo red staining are limited in distinguishing bacterial cells from the
biofilm matrix. This study introduces a cost-effective, dual-staining method using Maneval’s stain to visualize
and differentiate microbial biofilms. It requires only basic equipment and minimal reagents, making it ideal for

routine use in clinical diagnosis and microbial research.

Key features

e This dual-staining method differentiates bacterial cells, biofilm matrix, and capsules in a single stain.

e This method applies to both bacterial and fungal biofilm.

e This method requires no specialized training or equipment, with the entire process completed within 30—
45 min.

e Stained slides can be stored for extended periods (months) without degradation.
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Graphical overview
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Workflow illustrating the dual-staining protocol for microbial biofilms using Maneval’s stain

Background

The discovery of biofilms dates back to the Dutch microscopist Antonie van Leeuwenhoek, who first observed
them on tooth surfaces [1]. They were later studied by J.W. Costerton, who elucidated their role in persistent
infections and antibiotic resistance [2]. These microbial biofilms are organized communities of microorganisms
that adhere to surfaces and are encased in an extracellular matrix (ECM). The biofilm life cycle involves
attachment, irreversible adhesion, maturation into microcolonies, and dispersion. The ECM, composed of
polysaccharides, proteins, DNA, and lipids, acts as a protective shield, making biofilms highly resistant to
antimicrobial treatments and immune responses [3].

Understanding biofilms is crucial for developing effective detection methods and treatments. Biofilm detection
is crucial in clinical diagnosis, as biofilms contribute to antibiotic resistance and can lead to chronic conditions
[4]. In the food industry, detecting biofilms on processing equipment is vital for preventing contamination and
spoilage [5]. Monitoring biofilm growth in industrial water systems, cooling towers, and pipelines is essential
to maintain operational efficiency [6]. Biofilm detection is important for studying microbial communities in
natural environments, such as streams, soil, and marine ecosystems [7]. Moreover, pharmaceutical companies
rely on biofilm detection methods to develop and assess the effectiveness of antibiofilm treatments [8].
Advanced microscopy techniques, such as scanning electron microscopy (SEM), confocal laser scanning
microscopy (CLSM), and fluorescence microscopy, are commonly used to visualize and differentiate biofilms.
However, these methods are not feasible in all laboratories because of their high cost and complexity [9]. In
contrast, simpler methods like crystal violet and Congo red staining fail to distinguish bacterial cells from the

biofilm matrix [10].
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This study introduces a novel dual-staining method combining Maneval’s stain and Congo red stain to visualize
and differentiate microbial biofilms. Maneval’s stain, initially developed by Edmond Maneval in 1941 for
visualizing bacterial capsules, has been adapted in this study for biofilm detection [11]. This simple, cost-
effective method requires only basic equipment and minimal reagents, making it suitable for routine laboratory
use. The dual-staining method effectively differentiates bacterial cells and biofilm matrix, displaying a
distinctive blue polysaccharide layer surrounding the magenta-red bacterial cells. Congo red interacts with the
hydrophobic regions of polysaccharides through hydrogen bonds [12], initially staining them red. Upon adding
Maneval’s stain, the pH becomes acidic, causing a shift to blue due to the protonation of the azo group [13].
Simultaneously, acid fuchsin binds to the negatively charged bacterial surfaces, creating a magenta-red
coloration.

We applied this technique to various microbial species, including Gram-positive bacteria with a thick
peptidoglycan layer (Staphylococcus aureus and Enterococcus faecalis), Gram-negative bacteria distinguished by
their outer membrane (Escherichia coli and Pseudomonas aeruginosa), and fungi (Candida albicans), which differ
significantly in the presence of chitin, glucan, and mannoproteins. While this method does not provide the
detailed structural resolution of high-magnification techniques like SEM, it offers a practical and accessible

alternative for distinguishing biofilm matrix and bacterial cells.

Materials and reagents

Biological materials
1. Microbial culture (any bacterial or fungal culture including clinical isolates or standard strains such as ATCC)
Reagents

1. 1% Congo red (HIMEDIA Laboratories, catalog number: GRM927)

2. Maneval’s stain (Carolina Biological Supply, catalog number: 873785 or prepared in-house, see Recipe 2)

3. 4% Formaldehyde

Caution: Formaldehyde is a hazardous chemical and should be handled in a well-ventilated area with
appropriate personal protective equipment (PPE), including gloves, lab coat, and safety goggles.

4. Nutrient broth (HIMEDIA Laboratories, catalog number: M002) or any basic broth (e.g., LB broth, TSB broth,
BHI broth)

Solutions

1. 1% Congo red solution (see Recipes)

2. Maneval’s stain (see Recipes)
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Recipes

1. 1% Congo red solution

Reagent Quantity or Volume
Congo red lg
Distilled water 100 mL

2. Maneval’s stain [14]

Reagent Quantity or Volume
Fuchsin 0.05¢g

Ferric chloride 30¢g

Acetic acid 5 mL

Phenol 3.9 mL

Distilled water 95 mL

Laboratory supplies

. Glass slides [Blue Star (PIC1), 1.35 mm thick, 75 mm X 25 mm]

. Petri plates (SRL Pvt. Ltd., polystyrene 90 mm X 15 mm, catalog number: 90226)
. Droppers (Plastic Labware India, catalog number: PPPD101)

. Staining rack (Advance Scientific & Surgical Co., catalog number: ADV-188)

. Microscope oil (cedarwood oil) (SRL Pvt. Ltd., catalog number: 31018)

N U1 A W N -

. Gloves (Microgene Diagnostic Systems Pvt. Ltd.)

Equipment

1. Light microscope (Radical Scientific Equipment Pvt. Ltd., model: (RXL-5 Binocular Research Microscope)
2. Incubator (set to 37 °C)

Procedure

A. Preparation of biofilm on slides

1. Prepare a 1:100 dilution of 0.5 McFarland-adjusted microbial culture using sterilized nutrient broth. Place a
sterilized glass slide in a 90 mm X 15 mm polystyrene Petri dish and fill it with the diluted culture broth to
ensure complete submersion of the slide. To prepare a polymicrobial culture, mix equal volumes of microbial
suspensions. For example, combine 500 pL each of Staphylococcus aureus and Pseudomonas aeruginosa (1:100
dilution) to prepare a total volume of 1 mL. Ensure all microbial cultures are in the same growth phase.

Note: Do not use a high inoculum of microbial culture; see Troubleshooting 7.

2. Incubate the setup at 37 °C in undisturbed conditions for 3 days to allow biofilm formation.

Note: The culture media is not changed during the incubation to avoid contamination.
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B. Rinsing of slides

1. Gently rinse the slide by dipping it in distilled water for 5 s.
Note: Avoid excessive force to prevent disturbing the biofilm structure; see Troubleshooting 1.

C. Fixation of biofilm

1. Fix the biofilm by immersing the slide in 4% formaldehyde for 15-30 min at room temperature.

2. Allow the slide to air dry completely after fixation (5-10 min).

Note: Avoid air drying the slides for extended periods to prevent crack formation in the biofilm structure; see
Troubleshooting 3.

D. Staining with Congo red

1. Apply 1% Congo red stain to the slide, ensuring even biofilm coverage.
2. Remove excess stain by gently tilting the slide to allow runoff.
3. Air dry the slide for 5-10 min.

Note: Do not wash the slides; see Troubleshooting 9.

E. Staining with Maneval’s stain

1. Apply Maneval’s stain to the slide, fully covering the biofilm.
2. Incubate the slide with the stain for 10 min at room temperature.
Note: Follow the incubation times for proper staining; see Troubleshooting 8.

3. After incubation, remove excess stain (by tilting the slides) and air dry the slide for 5 min.
F. Microscopic visualization of biofilm

1. Observe the stained biofilm under a light microscope using 100 X oil immersion.

2. Capture representative images for documentation and analysis.

Data analysis

1. Image capture
Biofilm images are captured under a light microscope using a 100 X oil immersion objective to visualize the

biofilm matrix and bacterial cells.

2. Color interpretation

a. The blue color in the stained images corresponds to the biofilm matrix stained with Congo red (Figure 1).
Note: If the biofilm matrix is not properly stained, see Troubleshooting 9.

b. The magenta-red color indicates bacterial or fungal cells, visualized using Maneval's stain (Figure 1).

Note: If bacterial or fungal cells appear dull or faded, see Troubleshooting 8.
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c. Halo formation: A halo around bacteria/yeast, which indicates the presence of a capsule, is assessed. The

capsule appears as a clear zone surrounding the bacterial cell (Figure 1B and C).

Figure 1. Stained images from the dual-staining protocol using Maneval’s stain. (A) The biofilm matrix
appears blue, and bacteria/yeast cells are magenta red colored. (B) Halo formation around S. aureus indicates a
capsule as a clear zone surrounding the cell. (C) Halo formation around C. albicans highlights capsule presence.
(D) Negative control of biofilm (RN6390 strain).

3. Biofilm structural stages

a. Early biofilm formation: Biofilms begin with cobweb-like structures. These structures are thin, disorganized,
and lack a clear shape, often forming at the interface between bacteria and the surface [15] (Figure 2A).

b. Intermediate stage: As the biofilm matures, it transitions to a clustered stage, where biofilm begins to form
thicker layers with more defined structures. Bacteria accumulate and form small clusters within the biofilm
matrix [15] (Figure 2B).

c. Mature biofilm: In the final stage, the biofilm develops a more honeycomb-like structure, characterized by
well-defined channels and interstitial spaces that allow nutrient flow. At this stage, the cells within the biofilm
may also exhibit more resistance to antimicrobial agents [16] (Figure 2C).

Note: Focus on the corners of the biofilm; see General note 8.
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Figure 2. Biofilm structural stages are visualized using the dual-staining method. (A) Early biofilm
formation shows disorganized, cobweb-like structures. (B) The intermediate stage exhibits thicker layers with
small bacterial clusters within the biofilm matrix. (C) Mature biofilm displays a honeycomb-like structure with

defined channels and interstitial spaces, supporting nutrient flow and increased antimicrobial resistance.

Validation of protocol

1. Evaluation of the dual-staining method on diverse microbial species: We tested this method on various
organisms representing different microbial classes to validate this method. The procedure was applied to Gram-
positive bacteria with a thick peptidoglycan layer, such as Staphylococcus aureus and Enterococcus faecalis, Gram-
negative bacteria with an outer membrane, such as Escherichia coli and Pseudomonas aeruginosa, and fungi which
differ significantly in the presence of chitin, glucan, and mannoproteins in their cell wall (Candida albicans).
This diverse selection of microorganisms ensured the robustness and applicability of the method across various

microbial groups (Figure 3).
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Figure 3. Validation of the dual-staining method on diverse microbial species. (A) Gram-positive bacteria

(Staphylococcus aureus). (B) Gram-negative bacteria (Pseudomonas aeruginosa). (C) Fungi (Candida albicans).
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2. Controls: Negative controls included media without inoculum and non-biofilm-producing bacterial strains.
Biofilm-forming bacterial strains were used as a positive control [17].

3. Replicates: Each experiment was conducted in triplicate to ensure reliability.

4. Comparison with the gold standard method: Biofilm presence or absence was compared to the microtiter plate
assay. The biofilm detection results were assessed using Cohen’s kappa test to evaluate agreement between the
two methods. A 2 X 2 confusion matrix was created, incorporating true positive, false positive, false negative,
and true negative values. Additionally, a receiver operating characteristic (ROC) curve was generated, and the
area under the curve (AUC) was calculated to assess the performance of the dual-staining method. K-Fold cross-
validation was conducted using 5-fold for further validation. For details, refer to the original article [17].

5. Comparison with other microscopic biofilm detection methods: The dual-staining method was further
validated by comparing it with other established microscopic biofilm detection techniques, including crystal
violet staining, Congo red staining, scanning electron microscopy (SEM), confocal laser scanning microscopy

(CLSM), and fluorescence microscopy. Refer to the original article for detailed comparisons [17].

This protocol has been used and validated in the following research article:
Nirmala, B. et al. [17] A novel dual-staining method for cost-effective visualization and differentiation of

microbial biofilms. Scientific Reports (Figures 4-6).

General notes and troubleshooting

General notes

1. Sample type: This protocol is optimized for bacterial biofilms formed on glass slides. It may require adaptation
for biofilms on other materials such as plastics or metals.

2. Biofilm formation: Ensure microbial cultures are fresh and in the exponential growth phase when preparing
the inoculum for consistent biofilm formation. Variability in biofilm thickness may occur due to differences in
species or growth media.

3. Slide handling: Handle glass slides gently during the rinsing and staining steps to avoid detachment of the
biofilm (see Figure 4A). Avoid using force while dipping slides in water.

4. Stain drying: Do not air dry the slides for an extended period after applying stains, as this can lead to cracks
forming due to over-drying (see Figure 4B).

5. Microscopy settings: Use a well-calibrated light microscope with 100X oil immersion for optimal
visualization. Adjust the light source intensity and focus for clear differentiation of stained biofilm components.
6. Polymicrobial cultures: When preparing polymicrobial biofilms, ensure the initial inoculum is evenly mixed
to avoid uneven colonization of the slide.

7. Contamination prevention: To avoid contamination of biofilms, especially by Bacillus species, avoid opening
the Petri plate multiple times to add media (see Figure 4C). It is recommended to add enough media at the start
to prevent the need for additional media during the incubation process.

8. Microscopy focus: During visualization of biofilms under the microscope, focusing especially on the corners
of the biofilm can reveal better structural details, such as the honeycomb structure, which may be less apparent

in the central regions.
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Figure 4. Common troubleshooting issues in biofilm detection using the dual-staining method. (A)
Biofilm detachment. (B) Crack formation. (C) Contamination with Bacillus species. (D) Thick biofilm formation.
(E) Dull or faded Maneval's staining of bacteria/yeast. (F) Improper Congo red staining of the polysaccharide
matrix.

Troubleshooting (Table 1)

Table 1. Common troubleshooting issues encountered in the dual-staining method of biofilms using

Maneval’s stain

Problem Possible Cause Solution

1. Biofilm detachment during . . o Gently dip the slide for 5 s in water
o . Excessive force during rinsing. . o

rinsing (Figure 4A) without agitation.

. . . Ensure slides are completely dry but
o Inconsistent drying or inadequate . .
2. Weak or uneven staining o . not over-dried before adding the next
stain incubation. . . o
stain and adhere to incubation times.

3. Cracks in stained biofilm Over-drying of slides after Limit air-drying time and proceed to

(Figure 4B) staining. the next step after the slide is dry.
4, Difficulty in  biofilm Incorrect focus of microscope or Ensure oil immersion is applied
visualization insufficient stain adherence. correctly and readjust focus.

L . Improper preparation or storage Use fresh cultures and maintain
5. Contamination (Figure 4C) . . .
of cultures. sterility during preparation.
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Maintain consistent incubation

6. Variability in  biofilm Environmental factors or uneven conditions (temperature, humidity),

formation inoculum. and ensure the inoculum is well-
mixed.

7. Thick biofilm, unable to

differentiate between bacteria Too much inoculum taken during Reduce the inoculum volume to

and surrounding biofilm (see
Figure 4D)

preparation.

achieve a thinner, clearer biofilm.

dull/faded

appearance (see Figure 4E)

8. Bacteria

Insufficient incubation time for

Maneval’s stain.

Ensure the slide is incubated with
Maneval's stain for 10 min at room

temperature for proper staining.

9. Polysaccharide matrix of
biofilm poorly stained (see Figure

4F)

Washing slides after Congo red

staining.

Do not wash slides after applying
Congo red; proceed directly to the

next step.
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