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Abstract

Biofilms pose a serious problem to the food industry due to their high resistance to stressing conditions,
including antimicrobials and disinfectants. Therefore, it is of vital importance to have methods that allow us
to determine and quantify the cells of which biofilms are composed in order to determine the effectiveness
of cleaning and disinfection treatments. In this chapter, we suggest two techniques, the plate counting
technique and the crystal violet staining technique, as two possible indirect methods to determine in vitro
biofilm mass. To overcome individual limitations, such as the plate counting technique’s disregard of the
amount and localization of biomass on surfaces, or the crystal violet staining technique’s failure to
differentiate between living and dead cells, we propose their combined use in order to obtain complete,
valuable information on the behavior of microbial biofilms.
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1 Introduction

Most bacteria have found new ways to adapt and survive under
stress conditions: one such strategy is the formation of biofilms. A
biofilm is a collection of sessile microbial cells that grow in a matrix
of extracellular polymeric substances (exopolysaccharides [EPS],
proteins, lipids, and nucleic acids) and adhere to a surtface. Biofilms
can form on a wide range of biotic or abiotic surfaces, such as living
tissues, industrial or drinking water pipes, medical devices, and
aquatic systems, among others [1, 2]. All microorganisms, under
appropriate environmental conditions, are capable of forming bio-
films. However, some microorganisms are more susceptible to form
biofilms than others: bacteria such as Pseudomonas, Listeria, Enter-
obacter,  Flavobacterium,  Alcaligenes,  Staphylococcus, and
Bacillus[3].
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Fig. 1 Biofilm developmental stages: (1) Initial union, (2) Irreversible union, (3) Proliferation, (4) Maturation,

and (5) Dispersal

The main function of biofilms is to protect internal bacterial
cells from external stressing conditions, such as changes in temper-
ature or pH, UV radiation, nutrient deprivation, or antimicrobial
agents [4]. With regard to antimicrobial agents, the matrix acts as a
physical barrier that reduces their spread. EPS are one of the main
components that make up the extracellular matrix of biofilms. They
are large molecules of neutral charge with complex structures and a
range of physicochemical properties that cover a wide range of
functions relevant to bacterial physiology and multicellular lifestyles
[5]. It has been shown that EPS production in response to oxida-
tive, osmotic, drying, or heat stresses can improve microbial sur-
vival [6], as well as maintain the architecture and strength of
biofilms [7]. Compared with their planktonic counterparts, bio-
films are 10-1000 times more resistant to various disinfectants,
such as sodium hypochlorite; and antimicrobials, such as ampicillin,
tetracycline, and cloxacillin [8].

The process of biofilm formation is made up of five stages [9]:
initial union, irreversible union, proliferation, maturation, and dis-
persal (Fig. 1).

In the first stage, the biofilm begins to form when several cells
are reversibly attached to the surface. This initial adhesion depends
on various factors such as the physicochemical properties of the
surface, pH, the amount of EPS and proteins, and genetic factors
that encode the motor functions. During the second stage, the
binding becomes irreversible because the interaction between the
bacteria and the contact surface changes from a weak bond to a
permanent bond due to a higher production of EPS. From this
stage onward, it is necessary to apply a powerful cutting force or
chemical breakage to eliminate the biofilm [10]. Once the bacteria
have adhered to the surface, the cells begin to grow and proliferate.
This growth is associated with the production of EPS, which helps
to strengthen the bond between the bacteria and the substrate, as
well as to stabilize the colony against environmental stresses. In the
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maturation stage, the bacteria change their behavior and grow
under sessile form in heterogeneous microcolonies that evolve to
form an organized and complex structure. It can be flat or in the
form of a mushroom, depending on the source of nutrients at its
disposal. Finally, the biofilm allows the release of the bacteria in
their planktonic form, thus equipped to colonize new niches and
surfaces [10].

Biofilm formation causes adverse effects in several areas of
human activity, including the food industry. Biofilms formed on
industrial production lines lead to problems such as corrosion/
damage to pipes and equipment [11], interference and blockage
of food processes, and contamination of raw materials and products
[10], all of which favor foodborne outbreaks [12]. In the vegetable
industry, processes such as cutting, washing, rinsing, drying, and
packaging are regarded as the main source of cross-contamination
because they facilitate the entry and fixation of bacteria, thus favor-
ing the formation of biofilms. One of the most critical points is
packaging: a reported outbreak with whole melons contaminated
with Listeria monocytogenes was due to unhealthy packaging condi-
tions [10]. The formation of biofilms in the dairy industry can
generate serious food safety problems and economic losses. One of
the biggest problems is that microorganisms in biofilms can cata-
lyze chemical and biological reactions, causing corrosion in metal
storage tanks and pipes [13, 14]. In addition, L. monocytogenes
biofilms are a potential source of contamination in the milking
equipment of a dairy farm [15]. The meat industry is another
major food industry that can serve as a propitious niche for the
accumulation of microorganisms and the formation of biofilms.
Dourou et al. [16] conducted a study to evaluate the binding,
survival, and growth of Escherichia coli O157:H7 on stainless steel
and high-density polyethylene surfaces typical of meat industry
equipment. Their results showed that the binding of the bacteria
depends on the type of substrate as well as on temperature. In
particular, the greatest amount of fixation occurred not only during
nonproduction hours in the meat manufacturing areas but also in
the course of the storage period [10, 16].

To investigate and evaluate the behavior of biofilms with the
purpose of ensuring food safety, it is vitally important to carry out
microbiological controls designed to collect all relevant microbio-
logical information. This will enable the assurance of food safety,
and the assessment of the susceptibility of biofilms to various treat-
ments such as antimicrobials and disinfectants. Biofilm detection
methods can be classified into two types: direct and indirect
(Fig. 2) [13].

The first type is based on the direct observation of microbial
biofilms, which includes techniques such as electrochemical imped-
ance spectroscopy, epifluorescence microscopy, or scanning elec-
tron microscopy, among others (Fig. 2). Direct methods, however,
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Fig. 2 Classification of the different methods used to detect biofilms on food contact surfaces

can lead to an underestimation of biofilm levels by refraining to
measure thickness, and /or by overestimating the areas covered by
the cells, as is the case with epifluorescence microscopy. In addition,
these methods are usually difficult to implement in the food indus-
try. On the other hand, indirect methods (such as traditional plate
counting, the staining of biofilm biomass with crystal violet or
safranin, ATP determination techniques, or metabolic assays)
require the detachment of biofilms from the surface. These indirect
methods are more appropriate for routine studies on the presence
and quantification of biofilms in the food industry. The plate count
method is one of the culture methods most widely used to estimate
cell viability and physiology, as well as to determine colony-forming
units (CFU) in agar media. It likewise allows us to isolate cells for
future studies [17]. However, this method has two main
drawbacks:

1. It does not provide information about the amount of biomass,
which can lead to mechanical problems, such as pipe
obstruction [18].

2. It requires a proper disaggregation of the biofilms: if several
cells form a single colony, the technique underestimates the cell
population.
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The dye staining method to determine biofilm biomass offers
a number of advantages: (1) versatility, since it can be applied to a
wide range of different bacterial species; (2) high-throughput capa-
bility, which facilitates simultaneous testing of a number of differ-
ent conditions; and (3) the possibility of quantifying the biofilm
biomass and examining its distribution. Nevertheless, it also has
two important disadvantages: (1) bias in the quantification of bio-
film cells due to washing, and (2) it only provides the total biomass,
without differentiating the physiological state of sessile cells (e.g.,
whether they are alive or dead) [18, 19].

In this chapter, we explain the methodology of evaluating
microbial counts and biofilm mass for in vitro biofilm testing on
polystyrene and stainless steel surfaces. We also provide a number of
recommendations in order to avoid each of these methods’ disad-
vantages. In addition, we propose the combination of both meth-
ods as a means of obtaining a more complete picture of a biofilm’s
state.

2 Materials
2.1 Quantification

of Biofilms by Plate
Count Technique

2.2 Quantification

of Biofilms by Crystal
Violet Staining Assay

1. Culturing tools: micropipettes, plastic 1.5-mL tubes, and petri
dishes (90 mm).

2. 24-well polystyrene and stainless steel plates.

3. Adhesive PCR Plate Seals.

4. Nutritive Agar (NA) medium for counting sessile cells of
biofilms.

5. Vortex.

6. Distilled sterile water for washing.

7.0.1% (w/v) Peptone Water (PW) solution or Phosphate-
Buftfered Saline (PBS) as diluent. To prepare the solutions,

the required quantities were diluted in sterile distilled water
according to the manufacturer’s instructions.

8. PW or PBS solution with 1% (v/v) Tween 20. To prepare the
solution, the corresponding volume of Tween 20 was added
with a micropipette, drop by drop and very slowly. As this is a
very viscous surfactant, it is recommended to use a trimmed tip
(0.5-1 cm) to facilitate addition.

9. Ultrasonic bath.
10. Incubator.

1. Laboratory tools: micropipettes, pipettes, and polystyrene
macro cuvette.

2. Distilled sterile water for washing.
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3. 0.1% (w/v) Crystal Violet solution. To prepare the solution,
the required quantities were diluted in sterile distilled water.

4. 30% (v/v) glacial acetic acid solution. To prepare the solution,
the required quantities were diluted in sterile distilled water.

5. Spectrophotometer for measuring absorbance (595 nm).

3 Methods

3.1 Quantification
of the Biofilms by Plate
Gount Technique

To form the biofilms, 24-well polystyrene and stainless steel plates
with 2 mL of culture in each well were used. To avoid dehydration
of the biofilms, 1 mL of sterile distilled water was added to the
external wells. Biofilm formation could be studied at different
temperatures and for determined time periods as a function of the
microorganism investigated. It was subsequently possible to deter-
mine biofilm formation following these methods.

This assay allows to determine the proportion of living and dead
cells within the biofilm. After forming the biofilm in 24-well plates,
the supernatant was removed from the wells, and the biofilms were
carefully washed two or three times with 3 mL of sterile distilled
water (1.5 times with respect to the initial volume of culture) to
remove any remaining planktonic cells and culture medium (see
Note 1). Then, 2 mL of 0.1% PW or PBS with 1% Tween 20 was
added to each well and the biofilms were resuspended with the
micropipette (see Note 2). Next, to facilitate the disintegration of
sessile cell aggregates from the biofilms, the plates (covered with
adhesive PCR plate seals) were sonicated in an ultrasonic bath for
10 min at 40 kHz (see Note 3). Depending on the microorganism,
biofilm can form many or few aggregates. For this reason, it is
recommended to homogenize for several seconds and then check
under the microscope for the presence or absence of aggregates (see
Note 4). If there are aggregates, the vortex time for serial dilution
can be increased.

After sonication treatment, 100 pL was taken from samples
and, if necessary, of the corresponding decimal dilutions in 0.1%
PW or PBS. The extract was resuspended for 10 s in a vortex, and
100 pL thereof was inoculated into sterile petri dishes. The NA
medium was immediately added for mass homogenization seeding.
After solidification of the agar, the plates were incubated in an
inverted position, applying the specific time and temperature con-
ditions for each microorganism. After the incubation period, the
colonies on each plate were counted. We normally look for dilution
factors that allow us to work in a range of 30-300 CFU per plate to
ensure that the count is made without errors. The count values can
be provided as CFU /well after applying the appropriate dilution
factors.
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Fig. 3 Logarithmic count (CFU/well) of Bacillus cereus biofilms after 48 h, 120 h,
and 144 h of incubation. The biofilms were formed on stainless steel plates

In Fig. 3 we can observe the example of a biofilm count at
different incubation times. At 48 h, there were 10° CFU /well.
Then, the cell population grew to a maximum of 107 CFU /well
and remained stable until 144 h. In this case, an example of the
most appropriate decimal dilution factors at 48 h would be -2, -3
and -4. This allows us to cover a wider range when counting the
colonies.

Violet crystal staining assay allows for the measurement of a bio-
film‘s total cell biomass (comprised by the extracellular matrix,
living cells, and dead cells). After the formation of the biofilm on
microtiter plates, the supernatant of the wells was discarded. The
plates were carefully washed one or two times with sterile distilled
water (see Note 1) to remove the planktonic cells that had not
firmly adhered to the biofilm (se¢ Subheading 3.1). They were left
to dry at room temperature (20-25 °C) for at least 12 h. Next, to
dye the biofilm biomass, 2 mL (a volume equal to the initial volume
of culture) of 0.1% crystal violet solution was added and allowed to
incubate for at least 15 min at room temperature (20-25 °C). After
this period, the supernatant was removed (se¢ Note 1), and the
wells were washed two or three times with 3 mL of sterile distilled
water (1.5 times the initial volume of culture) to remove the crystal
violet residue. It was then left to dry at room temperature for at
least 12 h. At this point, the crystal violet staining method allows us
to visualize the distribution of the biofilm (Fig. 4).

In order to quantify the biomass, 2 mL of the 30% glacial acetic
acid solution was added to dissolve the violet crystal biomass, and
the absorbance was measured at 595 nm using a spectrophotome-
ter. To determine the biofilm’s optical density, it is important to
note that the absorbance values generally lie within a linear range
between 0 and 1 (see Note 5). It is advisable to only consider the
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Fig. 4 Appearance and distribution of Bacillus cereus biofilm on a stainless steel well plate before (left) and
after staining with crystal violet (right)
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Fig. 5 Optical density (0Dsgs) of Bacillus cereus biofilm biomass after 48 h, 120 h, and 144 h of incubation.
The biofilms were formed on stainless steel plates. The values obtained at 144 h have been multiplied by the
corresponding dilution factors used to adjust to the 0—1 linear range of absorbance values

ODs595 (Optical Density at 595 nm) values within this range. Dilu-
tions can be made with the same solution of glacial acetic acid
(30%). It is recommended to apply dilution factors such as 1/2,
1/4, or 1 /8 or, if necessary, to apply a higher factor to ensure that
the ODsg5 values of each sample lie within that 0-1 range, applying
its corresponding dilution factor in the final results.

However, it should be noted that this microbial suspension will
not allow us to perform plate counts, because the method practi-
cally destroys the biofilm’s sessile cells.

In Fig. 5, we can observe an example of the ODso5 of the
biomass of biofilms at different times. The biomass increases



Assessment of Biofilm Formation 61

8- -2.5
= 6 -2.0
% 1.5 o
S 41 9
e L 1.0 &
8
= 27 H - 0.5
0- ,]_l : 5 0.0
48 120 144

Incubation time (h)

Fig. 6 Logarithmic count (CFU/well) (mm) and optical density (ODsgs) (==) of
Bacillus cereus biofilm biomass at 48 h, 120 h and 144 h. The biofilms were
incubated in stainless steel plates. The values of ODsg5 Obtained at 144 h have
been multiplied by the corresponding dilution factors used to adjust to the 0-1
linear range of absorbance values

along the entire incubation time. At 120 h, the biomass has
increased to three times more than at 48 h; and at 144 h the
biomass is more than double that observed at 120 h.

If we combine the results from microbial counts and crystal
violet staining (Fig. 6), we can see that in the interval of 120-144 h,
although the bacterial counts remain constant at 10”7 CFU /well,
there was an increase in biomass due to the production of EPS, the
main component of the extracellular matrix.

In conclusion, the plate count method is a traditional approach
that allows us to know a biofilm’s CFU per well, and thus, its food
safety implications. It can be complemented with the quantification
of biomass by the crystal violet staining method to visualize the
hotspots of biofilm formation and provide a measurement of the
amount of biofilm. This allows us to correlate the number of
colonies with extracellular matrix production (EPS, proteins, lipids,
and nucleic acids), thereby providing us with additional informa-
tion about the biofilm’s behavior. In addition, a greater increase of
EPS can improve the degree of protection of the cells. This would
have negative implications on food safety, since the effectiveness of
cleaning and disinfection processes would be reduced. By combin-
ing both methods, we can overcome the disadvantages of each
individual method and gain a better understanding of biofilms.

4 Notes

1. The supernatant can be removed in various ways depending on
the biofilm’s shape, firmness, and adhesion. The plate can be
turned over and gently tapped, removing all the supernatant at
once. Alternatively, it can be removed with a pipette or micro-
pipette. For washing, it is recommended to use the
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micropipette. It is highly important to do this slowly, drop by
drop, taking care not to break the biofilm. The volume of sterile
distilled water depends on the methodology used to form the
biofilm. In case a different methodology is used, the volume of
sterile distilled water required for the washings should be pro-
portional to the initial volume of culture. The number of
washes depends on the strength of the biofilm: if it is weak,
one wash is recommended; if it is strong, two or three washes
might be necessary.

. Tween 20 is a surfactant used to assist in the breakdown of

sessile cells from biofilms when applying ultrasound treatment.

. It is highly important to control the bath temperature, which

should not be too high (<30 °C) to avoid cell inactivation. On
the other hand, one should also make sure that the parafilm is
well attached to the plate to avoid possible contamination and
water ingress during treatment.

. To observe the aggregation of cells, another suggestion is to do

a count in the Thoma cell counting chamber under the micro-
scope, and then to compare the results obtained with the plate
count.

. The linear range of absorbance values depends on equipment

and on laboratory conditions. Situations vary from one labora-
tory to another. Therefore, it is recommended to make a stan-
dard line to determine the most appropriate linear range for
each situation.
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