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 Microbial communities called biofilms are complex structures that adhere to surfaces 
and are encased in a matrix of extracellular polymeric substances (EPS). These formations 
are found throughout nature and play a crucial role in the survival of microorganisms in 
various environments. The development of biofilms occurs in several stages: first, there is 
initial surface contact; next is permanent attachment; then small colonies are formed; this is 
followed by full development; and finally, there is dispersal. Various factors influence biofilm 
formation, such as substratum effects, hydrodynamics, and environmental conditions. Biofilms 
pose significant challenges in healthcare, food processing, and other industries due to their 
increased resistance to antimicrobial agents and potential for contamination. Recent advances 
in imaging techniques have revolutionized the study of biofilms, providing insights into their 
structure, composition, and physiology. Light microscopy, transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), confocal laser scanning microscopy (CLSM), and 
atomic force microscopy (AFM) are among the most commonly used techniques for biofilm 
characterization. Other advanced techniques, such as AFM-based infrared spectroscopy 
(AFM-IR), fluorescent in situ hybridization (FISH), AFM-based Raman spectroscopy, ATP 
bioluminescence, mass spectrometry, quantitative real-time PCR analysis, and Bio Finder, offer 
complementary approaches for investigating biofilm formation, chemical composition, and gene 
expression. Choosing the right method depends on the specific research goals and the required 
spatial and temporal accuracy. Combining different approaches can provide a comprehensive 
understanding of biofilm behavior and help develop effective strategies for managing and 
eliminating biofilms.
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 Biofilms are composed of living, 
reproducing microorganisms such as bacteria 
that form a colony or community. These living 
systems possess a social structure that offers both 
protection and promotes growth. Researchers are 
still working to fully comprehend this structure.1. 

A biofilm is a thin layer of tiny organisms that 
attach to a surface, forming what can be described 
as a “slimy adhesive.” This biofilm both inhibits 
and promotes the growth of bacteria. It forms 
when bacteria adhere to a surface and produce 
a structure made of extracellular polymeric 
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substances (EPS).2 Microbial communities known 
as biofilms are ubiquitous in the environment, 
appearing as dental plaque on teeth, in water 
systems, air-conditioning units, food processing 
facilities, and various healthcare surfaces. Within 
biofilms, bacteria can interact, survive, nourish 
themselves, and proliferate. Bacteria inside 
biofilms are approximately 200 times more 
resistant to antibiotics or cleaning agents. As long 
as they remain viable, they continue to pose a threat 
to patients. The bacteria will keep multiplying 
until the biofilm is disrupted or free bacteria are 
released, potentially spreading to other surfaces via 
hands, gloves, cleaning cloths, or other materials. 
Pathogenic bacteria from genera such as Bacillus, 
Streptococcus, Staphylococcus, as well as Shigella, 
Escherichia coli, and Enterobacter aerogenes 
These microorganisms are classified as pathogenic, 
indicating their ability to induce illnesses. As they 
accumulate on firm surfaces, they form a slender, 
adhesive coating referred to as a biofilm. This 
protective layer facilitates the bacteria’s growth and 
proliferation, enhancing their survival and spread.3

 In nature, most bacteria are not found 
as isolated, suspended cells. Rather, they exist in 
aggregates (clusters of bacterial cells) attached to 
surfaces. These aggregates, known as biofilms, 
consist of microorganisms adhering to each other on 
a surface. Microorganisms attach to solid surfaces 
and create a self-generated matrix of extracellular 
polysaccharides.4 This biofilm provides significant 
protection for the bacteria, serving as a crucial 
survival mechanism. The biofilm acts as a barrier, 
shielding microorganisms from antibiotics, 
sanitizing agents, and other external threats. Both 
harmless and harmful bacteria can form biofilms. 
The development of biofilms in processing 
environments is particularly concerning when it 
involves pathogenic bacteria, as it enhances their 
chances of survival and increases contamination 
risks. Consequently, it is vital to eliminate and 
prevent biofilm formation in facilities.5

Biofilm Formation6

 There are typically five processes 
involved in the production of biofilms (see Figure 
1 below):
Biofilm formation occurs in several stages: 
1. Primary adhesion: The process begins when 
free-swimming bacteria attach to a surface. 
2. Permanent bonding: As the biofilm grows 

through cellular multiplication, the extracellular 
polymeric substance (EPS) matrix produced by 
the cells aids in their adhesion to surfaces and 
each other. The EPS strengthens the connection 
between bacterial cells and the substrate. These 
bonds become more robust over time, resulting 
in irreversible attachment. 3. Development: 
The biofilm evolves into a structured, resilient 
formation that exhibits increased resistance to 
harmful chemicals and biocides. 
3. Formation of microcolonies: Bacteria colonize 
preconditioned surfaces. This phase, which is 
still reversible, may progress to the irreversible 
stage of biofilm growth, followed by the actual 
establishment of the biofilm.
 4. Maturation and dispersal: Biofilm maturation 
during which cells grow, cell density increases, and 
cells synthesize and release signaling molecules 
allowing them to sense and communicate with 
each other
5. Dispersal or detachment phase: where the cells 
depart in large numbers to become planktonic 
cells again. Bacterial cells are released into the 
surrounding environment.
 Imaging methods play a vital role 
across many scientific disciplines, particularly 
in biological and medical research, where they 
are essential for examining and understanding 
complex objects and processes. These techniques 
allow for non-invasive, three-dimensional analysis 
of specimens at various spatial scales.8 The range 
of sizes examined spans from nanometers (for 
macromolecules) to micrometers (for cellular 
structures, microbial clusters, and biofilms) and 
even centimeters (for microbial mats, tissues, 
organs, and the human body). The journey into 
this microscopic realm began with basic tools 
such as magnifying glasses and simple optical 
microscopes. The first light microscope was 
used by Robert Hooke in 1665, shortly followed 
by Antonie van Leeuwenhoek, who became a 
pioneer in microbiology by examining samples 
from his mouth, specifically oral biofilms. For 
over a century, conventional light microscopy and 
its variations have been the primary methods for 
observing and studying biological materials. At one 
point, it was believed that light microscopy had 
reached its maximum developmental potential.9

 Recently,  numerous cutting-edge 
methods have been either created or modified 
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to examine, leading to a better understanding 
of their physiological characteristics, structural 
features, and compositional elements. This article 
explores both traditional and modern methods used 
to analyze biofilm biomass, viability, structure, 
composition, and physiological properties.10 These 
methods include:
Microscopic analyses
Light microscope
 Light microscopy (LM) is an important 
imaging technique for visually identifying biofilms 
and provides valuable prognostic information. Its 
simplicity and cost-effectiveness make it suitable 
for quantifying biofilm biomass. However, LM 
has limitations in magnification and resolution, 
which prevent it from capturing the finer details of 
extracellular polymeric substance (EPS) structure 
or the morphology of biofilm cells. Despite these 
limitations, LM can be effectively combined 
with scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) in 
correlative studies.11

Transmission electron microscope (TEM)
 Electrons are used to create highly 
magnified and detailed images of cells and their 
components, including proteins and nucleic acids. 
Negative staining techniques in transmission 
electron microscopy (TEM) allow for direct 
visualization of cellular structures. Because 
photons and electrons have limited penetration into 
cells, thin sections of cellular material are treated 
with stabilizing and staining agents such as osmic 
acid, permanganate, uranium, lanthanum, or lead 
salts. These staining compounds contain elements 
with high atomic weights, which enhances contrast 
by increasing electron scattering from the sample.12

Scanning electron microscope (SEM)
 Researchers apply heavy metals such as 
gold to create 3D representations of cell samples. 
Scanning electron microscopy (SEM) generates 
images by detecting electrons emitted from these 
metal-coated samples. While SEM is similar to 
transmission electron microscopy (TEM), it has 
distinct differences: it does not require infiltration, 
resin embedment, polymerization, or staining with 
lead citrate and uranyl acetate staining.13 However, 
SEM does involve the use of additional substances 
like gold. SEM uses accelerated electrons as a 
light source, collecting information about surface 
topography based on changes in energy signals. 

The most commonly utilized signal in SEM comes 
from secondary electrons, which can reveal minute 
structures with a resolution as fine as 0.5 nm. The 
high level of detail achieved is due to electrons 
having wavelengths that can be up to 100,000 times 
shorter than those of photons in visible light.14 It is 
important to note that although SEM images lack 
vertical resolution, they have a significant depth of 
field, giving them a three-dimensional appearance. 
SEM has been effectively used to examine biofilm 
structures, as its extensive depth of focus allows for 
excellent visualization of the spatial organization 
within the biofilm.
Confocal laser scanning microscopy (CLSM)
 An advanced imaging technique called 
confocal laser scanning microscopy (CLSM) 
allows researchers to investigate biofilms that form 
on transparent surfaces of flow cells. It facilitates 
three-dimensional (3D) analysis of the morphology 
and physiology of biofilms. CLSM is particularly 
valuable for visualizing dense samples, such 
as biofilms, and for observing microorganisms 
that are embedded deep within these structures. 
This method is crucial for investigating biofilm 
architecture and offers significant potential 
for real-time imaging of fully hydrated, living 
specimens.15 A fluorescent method improves the 
spatial resolution of optical microscopy, enabling 
nanoscale imaging capabilities. This “super-
resolution optical microscopy” provides both 
qualitative and quantitative data about biofilms. 
CLSM uniquely allows for the measurement of 
biofilm growth rates and cell behaviors, including 
attachment, detachment, and re-attachment, as 
biofilms develop and form high-diffusion areas in 
situ.16

Atomic force microscopy (AFM)
 Atomic Force Microscopy has unique 
characteristics that make it an effective tool for 
obtaining authentic 3-D surface topography. This 
method presents specific challenges and techniques 
associated with imaging biofilm formation. 
Researchers have successfully gathered high-
resolution qualitative and quantitative data on the 
structure of biofilms.17 Unlike Scanning Electron 
Microscopy (SEM), AFM enables the evaluation 
of biomass height and surface corrosion. In recent 
years, AFM has rapidly gained popularity for 
studying biofilms on various substrate surfaces 
and bacterial species, as evidenced by numerous 
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Fig. 1. Representation of biofilm formation process in five steps7

examples in review articles. Its high sensitivity 
and resolution in topography analysis have been 
extensively used to examine individual cells and 
biofilms on surfaces that come into contact with 
food.18

AFM-based infrared spectroscopy (AFM-IR)
 Molecular species measurement in 
laboratory and industrial settings often utilizes 
infrared spectroscopy. This technique enables the 
analysis of samples in their natural states, such 
as solids and liquids, allowing for the collection 
of data on organic compounds within biofilms. 
When combined with atomic force microscopy 
(AFM), the AFM-infrared (AFM-IR) method can 
investigate the molecular composition of individual 
bacterial cells, providing valuable insights into 
their behavior during biofilm formation.19 
 In AFM-IR, the thermal expansion of the 
sample at the atomic scale is measured using an 
AFM tip that interacts with radiation from pulsed 
infrared light. The sample is mounted on a zinc 
selenide (ZnSe) prism, which is transparent to 
infrared light, and is illuminated by a specially 
designed internal reflection laser. The absorption of 
light at specific wavelengths causes the sample to 
expand thermally, which leads to oscillations in the 
cantilever. By analyzing the cantilever’s response 
and applying a fast Fourier transform (FFT) to 
the original oscillation signal in the time domain, 
researchers can obtain the infrared spectrum.20

Fluorescent in situ hybridization (FISH)
 Fluorescence In Situ Hybridization 
(FISH) is a laboratory technique that integrates 

molecular biology, fluorescence microscopy, 
and histology to examine cellular structures at a 
microscopic level. It allows for the visualization of 
microorganisms within tissue samples, enabling the 
identification and quantification of their abundance, 
position, and metabolic state. This method uses 
fluorescently tagged probes that specifically bind 
to microbial ribosomal RNA (rRNA), which 
facilitates the detection of bacteria and fungi at the 
genus or species level. For instance, probes can be 
designed to target only Staphylococcus aureus or to 
identify all types of microorganisms. FISH can also 
be applied to study fluorescently labeled bacteria in 
biofilms.21 The probes are coupled with fluorescent 
dyes such as FITC or Rhodamine, or with enzymes 
like horseradish peroxidase, to hybridize with the 
16S rRNA of microorganisms. One advantage of 
using horseradish peroxidase-conjugated probes 
is that they do not kill biofilm microorganisms. 
Since the ribosome count is correlated with growth 
activity, FISH can estimate bacterial growth rates 
within biofilms. Probes need to be developed to 
label conserved regions of specific species.22 
 FISH assesses the ribosome content of 
individual cells to determine microbial activity. 
Successful antimicrobial treatment of biofilms 
results in reduced fluorescence signals compared to 
active biofilms. The effectiveness of antimicrobial 
agents is measured by the decrease in the FISH-
positive fraction relative to the total biofilm mass, 
which can be quantified through digital image 
analysis. Therefore, FISH is an ideal method for 
examining biofilms, evaluating antimicrobial 
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compounds against them, and developing new 
anti-biofilm materials.23

AFM-based Raman spectroscopy
 Raman spectroscopy is an additional 
form of label-free spectroscopic analysis. In fact, 
Raman and IR spectroscopy complement each 
other in chemical analysis, both utilizing different 
approaches to examine molecular vibrations. 
This allows Raman spectroscopy to overcome 
certain difficulties associated with IR spectrum 
identification. Raman spectroscopy is a powerful 
tool for examining biological systems, showcasing 
its versatility in analyzing various states of matter, 
including solids, liquids, gels, and various mixtures 
in different environments, such as aqueous settings. 
This analytical method can be used without 
causing harm or making changes to the specimen, 
making it especially valuable for non-invasive 
investigations.24 
 The technique employs the measurement 
of Raman scattering to determine chemical 
composition. A major challenge in Raman 
spectroscopy is the weak Raman signal, which 

is often obscured by strong background noise. 
The integration of Raman spectroscopy with 
atomic force microscopy (AFM) provides more 
than just an extra chemical analysis tool to 
complement high-resolution AFM images. By 
coating AFM tips with conductive metals, such 
as gold or silver nanoparticles, it is possible to 
enhance Raman signals by up to 108 times in 
specific regions between the tip and the sample 
surface. This combination merges AFM’s nanoscale 
topographic resolution with Raman spectroscopy’s 
chemical fingerprint identification capabilities. The 
integration of Raman spectroscopy and AFM is 
facilitated by the stable and robust nature of Raman 
spectral detection equipment, which consists 
of a limited number of standard and modular 
components. Consequently, TERS instruments are 
easily commercialized.25

ATP bioluminescence
 The enzyme luciferase plays a crucial role 
in ATP bioluminescence by producing measurable 
light in the presence of ATP, which can be detected 
using a luminometer. This method is advantageous 

Table 1. Different advanced and Imaginary techniques and their applications

Sr.  Name of techniques Applications
No.

1. Light microscope Imaging and quantitative evaluation of biofilm 
  growth and mass.
2. Transmission electron microscope (TEM)- For generating highly magnified views of a sample’s 
  interior structure.
3. Scanning electron microscope (SEM)- Analyzing biofilms using highly magnified and 
  detailed imagery.
4. Confocal laser scanning microscopy (CLSM)- Evaluation of biofilm structural characteristics, 
  three-dimensional arrangement, and identification 
  and localization of both viable and non-viable cells.
5. Atomic force microscopy (AFM) Analysis of biofilm quantity, measurement of 
  adhesion forces, examination of biofilm surface 
  features, and real-time visualization techniques.
6. AFM-based infrared spectroscopy (AFM-IR) Tasked with measuring the adhesive forces between 
  goethite and bacteria in water.
7. Fluorescent in situ hybridization (FISH) An effective method for observing and measuring 
  the distribution of various microbial species within 
  biofilm structures is proposed.
8. AFM-based Raman spectroscopy For identifying biofilm forming bacterial strains
9. ATP bioluminescence Indirect measurement of the amount of organic/
  food residue on a surface. 
10. Mass spectrometry  Characterized new functional metabolites that 
  regulate biofilm formation.
11. Quantitative real time PCR analysis Detection of biofilm genes.
12. Bio Finder  For the detection of  biofilms and surface contamination.
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because it provides quick results, typically within 
20 seconds. However, it faces challenges when 
applied to biofilms, especially mature ones. The 
main issue is the limited movement of ATP within 
these biofilms, which results in low ATP readings. 
As a consequence, when a mature biofilm contains 
a high number of microorganisms, the low ATP 
levels may lead to an underestimation of the actual 
microbial population.26

Mass spectrometry 
 Mass spectrometry (MS) is a powerful 
technique used to identify and analyze extracellular 
polymeric substances (EPS) and other large 
biomolecules found in complex biological 
structures like biofilms. This method provides a 
detailed examination of the chemical components 
involved in the development of biofilms. The two 
main types of mass spectrometry are electrospray 
ionization (ESI) and matrix-assisted laser 
desorption ionization (MALDI). A time-of-flight 
(TOF) mass spectrometer analyzes mass by 
examining desorbed ions in a vacuum chamber.27 
The combination of these techniques is known 
as MALDI-TOF. In this process, a laser is used 
to vaporize and ionize the sample. The resulting 
ions then travel through an electric field along the 
MALDI-TOF device’s column towards the TOF 
detector. The TOF measurements are based on the 
mass-to-charge ratio of the molecules, with ions 
moving faster when this ratio is lower. MALDI 
techniques have various applications, including 
bacterial identification, monitoring bacterial 
protein expression in response to antimicrobials 
(such as surface proteins and exoenzymes like 
â-lactamase), and measuring bacterial growth.28

Quantitative real time PCR analysis
 Bacteria growing in biofilms often exhibit 
different gene expression patterns compared 
to their planktonic counterparts. Quantitative 
reverse transcriptase real-time PCR (qRT-PCR) is 
a reliable method for measuring RNA transcript 
levels of specific genes in biofilm-associated 
bacteria. The technique’s wide dynamic range 
makes it particularly valuable for validating 
gene expression data from microarray studies.29 
Additionally, qRT-PCR’s sensitivity enables gene 
expression quantification in biofilm samples with 
limited biological material, such as those obtained 
through laser capture microdissection microscopy 
(LCMM). The most commonly used qRT-PCR 

techniques are the SYBR Green and dual-labeled 
probe (Taqman) methods. Both approaches 
involve converting mRNA to complementary DNA 
(cDNA) through reverse transcription, followed 
by PCR amplification of the resulting cDNA. This 
paper outlines the crucial steps for performing 
qRT-PCR, including: (1) designing primers, (2) 
evaluating primer and probe efficacy, (3) executing 
qRT-PCR using the Corbett Rotor-Gene platform, 
and (4) extracting and analyzing data.30

Bio Finder 
 Traditional microbiological culture 
techniques for identifying biofilms on food-contact 
surfaces can be quite time-consuming. However, 
the food industry requires faster methods to confirm 
microbial contamination, assess environmental 
hygiene, and implement immediate corrective 
measures. BioFinder provides a solution by rapidly 
detecting biofilms within seconds or minutes of 
application. This substance interacts with catalase, 
an enzyme present in nearly all living cells and 
biofilms. When biofilms are detected, a distinct 
color change occurs, accompanied by the formation 
of small bubbles. Additionally, BioFinder can 
be used to verify the effectiveness of sanitation 
practices in production facilities and to examine 
critical inspection areas right before disinfection.31

ConCLuSIon

 Research into biofilms has uncovered 
their intricate nature and widespread influence 
across various settings, including healthcare and 
food processing industries. Biofilm development 
involves a complex, multi-stage process that 
results in resilient microbial communities, 
which are notoriously difficult to eliminate. Our 
comprehension of biofilm structure, composition, 
and behavior has been greatly enhanced by cutting-
edge imaging and analytical methods. These 
methods, which include microscopic examination, 
spectroscopic analysis, and molecular biology 
tools, provide crucial information about biofilm 
properties and potential avenues for creating 
more efficient control strategies. As research in 
this area advances, the integration of various 
analytical approaches is anticipated to provide 
a more thorough understanding and creative 
solutions for handling biofilms across different 
settings. The field of biomembrane research has 
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made significant strides through the application 
of innovative analytical techniques that improve 
our understanding of membrane composition 
and structure. Atomic Force Microscopy (AFM) 
delivers high-resolution imaging of biomembranes, 
enabling the measurement of their physical 
properties and dynamics at the nanoscale.32 
Cryogenic Electron Microscopy (Cryo-EM) 
has similarly facilitated the determination of 
membrane protein structures, further expanding our 
knowledge of biomembrane architecture.33 Single-
Molecule Localization Microscopy (SMLM) 
provides unparalleled resolution for visualizing 
membrane proteins and lipids, offering insights 
into their interactions and dynamics.34 Moreover, 
Neutron Scattering serves as a powerful tool for 
examining membrane organization and protein-
lipid interactions, revealing crucial information 
about membrane behavior at the molecular level.35 
Grasping the functions of membrane proteins, 
which are essential to various cellular processes, 
is crucial for comprehending the overall role of 
biomembranes.36 Collectively, these techniques 
establish a comprehensive framework for exploring 
biomembrane research.
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