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Abstract

In most natural habitats, microbes are not discovered in the planktonic phase but in multispecies biofilm communities. Bacte-
ria in diverse microbial biofilm may interact or conflict relying on the varieties and features of solid surfaces. Hence, mono-
species biofilm formed some potentially Gram-negative pathogenic species, including Escherichia coli, Salmonella enterica,
and Pseudomonas aeruginosa, on two different materials: stainless steel (SS) and polypropylene (PP) were investigated. The
developed biofilm was comprehensively studied using different approaches. Results displayed that the biofilm developed
upon SS was more intensive than on PP. Statistically, a compelling correlation with significance was recorded between the
biofilm age and increasing bacterial biofilm populations formed upon PP and SS materials. Likewise, the excellent levels
of produced adenosine triphosphate (ATP) from the biofilm formed upon both PP and SS were reached after 80 days. The
scanning electron microscope (SEM) micrographs exhibited the surface structure of biofilm for E. coli, S. enterica, and P.
aeruginosa developed upon two materials (PP and SS). The results show that, the formed biofilm cells for all tested bacterial
strains grown upon PP material were more minor than SS. In conclusion, the existing investigation delivers better knowl-
edge about the approaches that could be applied to investigate biofilm formation on various surface materials. Likewise,
biopolymers such as extracellular polymeric substances (EPS) play a critical role in establishing clusters and microcolonies.
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Abbreviations PCA  Plate count agar

ATCC American Type Culture Collection PE Polyethelene

ATP Adenosine triphosphate PP Polypropylene

CFU  Colony forming unit PVC  Polyvinyl chloride

cm? Square centimeter RHA  Rapid Hicoliform Agar

DNA  Deoxyribonucleic acid RLU  Relative light unit

EPS Extracellular polymeric substances SEM  Scanning electron microscope
h Hour SS Stainless steel

HISA  HiCrome Improved Salmonella agar TBC Total bacterial counts

HFA  Hifluoro Pseudomonas agar TSB Trypticase soy broth

HPC  Heterotrophic plate counts
mL Milliliter
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bacteria are able to develop and proliferate biofilm, the
kitchen and bathroom sinks are the most likely to subject us
to a miscellaneous diversity of pathogens (Liu et al. 2018).
Natural biofilm is formed by microbial growth ubiquitously
in different environment and considered multi-dimensional
microbial community that reside within EPS matrix or
slime that adheres to the material surfaces (Du et al. 2017).
Microorganisms frequently attach to substrates and create an
extracellular polymeric matrix, producing a biofilm (Kha-
toon et al. 2018). In addition to this, biofilm development
occurs from planktonic or floating bacteria that can connect,
proliferate, and create bacterial community architecture on
solid surfaces (Riau et al. 2019).

Gram-negative bacteria have generally been the emphasis
of biofilm investigation, in clinical materials and environ-
ments (Rgder et al. 2016; El-Liethy et al. 2020). In the UK,
Portugal, France, and Latvia, biofilm samples taken from
aging pipes of declining water distribution systems included
E. coli (Juhna et al. 2007). Furthermore, it was found that
the natural biofilm of the sink drainage pipes included E.
coli and other disease-causing bacteria (El-Liethy et al.
2020). Nevertheless, biofilm samples collected from medi-
cal devices were found to contain E. coli, Pseudomonas
aeruginosa, and Staphylococci spp. (Subramanian et al.
2012; D’Ugo et al. 2018). The coexistence of numerous
microbial species on the inside of a multilayer of biofilm
can profit its residents in a broad range of ways, such as
improved adaptive immunity avoidance or the accessibility
of metabolic substances created by the coexisting microbes
(Hemdan et al. 2019). Interestingly, pathogens have distinct
characteristics between the planktonic and biofilm states
because adhesion to a surface causes a significant change
in the expression of many genes involved in EPS formation
and biofilm maturity. It immediately results in constructing
a barrier that shields bacteria from harsh conditions, such
as antibiotics (Gupta et al. 2016) and antimicrobial agents
(El Nahrawy et al. 2021). A possible explanation is that
antimicrobials have become less effective against microbial
biofilm, leading to infections in patient populations with
implanted medical devices. Experts may be able to improve
clinical management if they identify the importance of bio-
film in disorders (Dall et al. 2017). Enterococcus faecalis,
Staphylococcus aureus, E. coli, Klebsiella pneumoniae,
and Pseudomonas aeruginosa are the most prevalent bac-
teria that develop biofilm on medical equipment and water
infrastructure (Chen et al. 2013). Likewise, S. aureus and
P. aeruginosa are highly infectious and co-exist in biofilm
communities linked to various illnesses (Limoli et al. 2016).
The management, manufacture, and consuming of food are
examples of immediate interaction points for pathogenic
organisms. Secondary interaction routes comprise exten-
sively contaminated areas via sources like raw food, food-
stuff, and liquids (Hemdan et al. 2017).
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Recently, advanced approaches have been used for deter-
mination of natural microbial biofilm in medical devices and
water plumbing systems. The advanced detection methods
such as using specific primers for the target microbes and
also using phenotypic identification of biofilm bacterial iso-
late using Biolog GEN III (El-Liethy et al. 2020). Moreo-
ver, bacterial community structures have been determined in
natural biofilm using next generation sequencing (Yergeau
et al. 2012; Staley et al. 2013; Ziembiniska-Buczynska et al.
2019). Lately, biofilm-based sensors have been developed
for bacterial biofilm determination (Funari and Shen 2022).
Sensors are used to study the biofilm growth and measure
the dynamics of some indicators such as temperature, pH,
oxygen level, and some biomolecules in natural biofilm
(Subramanian et al. 2020; Saccomano et al. 2021). Because
it is difficult to study naturally formed biofilms, particularly
in water distribution systems and medical instruments, simu-
lation systems were developed to investigate the behavior of
bacterial biofilm (Liihrig et al. 2015; Hellweger et al. 2016).
As a result, the primary goal of this study is to evaluate the
stages of biofilm formation for some Gram-negative bacte-
rial strains, such as E. coli, S. enterica, and P. aeruginosa,
on two different materials (stainless steel, SS and polypro-
pylene, PP) using multiple investigation approaches. The
bacterial biofilm was determined using cultural based meth-
ods on enrichment agar media and selective agar media. Fur-
thermore, the bacterial biofilm was evaluated using culture-
independent methods using SEM, ATP, and protein analysis.

Materials and methods
Microorganisms used and growth conditions

Three tested bacterial species employed in the present study
were E. coli ATCC 25922, Salmonella enterica ATCC
14028, and Pseudomonas aeruginosa ATCC 10145, which
served as Gram-negative bacteria. According to El Nahrawy
et al. (2019) every bacterial culture stored at — 20 °C is reac-
tivated by inoculating 1 mL of suspension into a tube with
20 mL of trypticase soy broth (TSB). The inoculated tubes
were incubated at 37 °C for 18-24 h.

Biofilm formation
Biofilm formation on material coupons

To exam the biofilm formation stages, the three bacterial
strains were prepared as described above and inoculated to
develop biofilms on the inner surface of tested substances
(stainless steel (SS) and polypropylene (PP)). Ten sterile
coupons by 70% ethanol (3 cm wide and 10 cm length)
from each studied material were prepared. The coupons
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were immersed into flasks with 15 mL of sterile tap water.
After that, 100 pL of 24-h fresh culture of each tested bac-
terial strain which previously washed three times by sterile
distilled water to remove any cell debris and nutrients resi-
due was inoculated to each flask. The initial bacterial count
was ~ 10 CFU/mL. The experimentation interval reached
90 days; a coupon was taken every 10 days for examination.
All laboratory trials were repeated three times. The results
were expressed as CFU/cm? (Hemdan et al. 2017; El-Liethy
et al. 2020).

Biofilm formation on 96-well microtiter plates

A single bacterial species of biofilm was established on
96-well uncoated and transparent microplate (Alpha Labo-
ratories, UK). Briefly, 190 pL of TSB medium was loaded
with a 10-pL fresh prepared cell suspension (108 CFU/mL),
and 200 pL of deionized water were injected into well to
use as a negative control. The ready microplate was then
maintained at 37 °C for 16 h. After the planktonic cells were
removed, the plates were air-dried after washed twice with
phosphate-buffered saline (PBS). Two hundred microliters
of crystal violet solution (1%) was added to the wells, and
the microplates were incubated for 10 min. The wells were
washed three times with PBS; the bacteria biofilm was incu-
bated with a mixture of ethanol and acetone (4:1) for 10 min
(Coffey and Anderson 2014; Ebert et al. 2021).

Determination of the microbial populations
in biofilm using the culture-dependent technique

Pour and spread plate techniques conducted microbiologi-
cal investigations of collected biofilm samples. Samples or
appropriate dilutions were inoculated in non-selective agar
media (plate count agar) and selective agar media (enzy-
matic-based culture media) (Hemdan et al. 2020). Results
were registered as CFU/cm?. The detached biomass (biofilm
cell suspension) was diluted with sterile saline solution.

To enumerate the total number of biofilm cells of all
tested Gram-negative bacterial species, the suspension of
detached biofilm cells was diluted with a sterile saline solu-
tion by tenfold serial dilutions to determine the suitable
biofilm counts. Two different agar media were utilized to
determine the connections between the ages of biofilm com-
munities and the numbers of surviving cells. Total bacterial
counts (TBC) at 37 °C for 24 h were enumerated using the
pour plate technique (Walter 1961). The spread plate assay
was applied to count the cell numbers of E. coli involved
in biofilm. One hundred microliters of proper dilution was
aseptically transferred onto the Rapid Hicoliform Agar
(RHA), Hifluoro Pseudomonas agar (HFA), and Hicrome
Improved Salmonella agar (HISA) (HiMedia-India) for
enumerating E. coli, P. aeruginosa, and Salmonella spp.,

respectively. All the inoculated plates were incubated at
37 °C for 24-48 h (El-Liethy et al. 2020; El1 Nahrawy et al.
2022).

Direct observation of biofilm using
the culture-independent technique

The quantification of ATP level

The luciferase testing procedure was employed to measure
the ATP concentration. The formed biofilm was swabbed
from 1.0 cm X 1.0 cm of the tested material’s surface area.
Then, the swab was immersed in 5 mL of sterile distilled
water. A photodetector cell was incubated with an aliquot
of 270 pL of luciferin-luciferase and 30 pL of the biofilm
suspension (Hemdan et al. 2017; Slavin et al. 2017). Lumi-
nescence intensity was represented as a relative light unit
(RLU).

Scanning electron microscope (SEM) observation

SEM investigation (SEM model JEOL JXA-840A, electron
probe micro-analyzer, Japan) was employed to investigate
biofilm structure. SEM was utilized to explore a 1.0x 1.0
cm? of material coupons. The fixation and dehydration of
biofilm on coupons were conducted according to Ma et al.
(2019).

Composition of whole biofilm and EPS

Produced EPS, which is secreted from microbial biofilm,
was extracted from the whole biofilm using the cation
exchange resin technique (Jachlewski et al. 2015; Hemdan
et al. 2017). The carbohydrate content of crude extracted
EPS and whole biofilm was measured using the phenol-sul-
furic acid technique (Dubois et al. 1956). The quantity of
protein in EPS and complete biofilm was estimated using
the Folin assay (Lowry et al. 1951).

Statistical analysis

GraphPad Prism version 5.0 (USA) has been employed for
the statistical studies. R* and a Pearson correlation were used
to determine significance. P value was set at <0.0001.

Results

Determination of biofilm formation using
culture-dependent methods

Biofilm colonization and development by E. coli, S. enterica,
and P. aeruginosa on the surface of two different materials
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were examined, as illustrated graphically in Fig. 1. After
80 days of biofilm establishment, the higher growth rate of
E.coli biofilm established on SS upon the material assess-
ing with both plate count agar (PCA) and Rapid Hicoliform
Agar (RHA) medium was 8.50x 10% and 5.20 x 10® CFU/
cm?, respectively, as shown in Fig. 1a. The growth kinet-
ics rate was slower on PP material; however, the highest
count of E.coli biofilm on PP material was 8.9 x 10’ CFU/
cm?, compared to 3.80x 10’ CFU/cm? on both PCA and
RHA media during the same time frame. The rate of bio-
film establishment of S. enterica on two pipe materials (PP
and SS) was determined using two media PCA and Hicrome
Improved Salmonella agar (HISA). The growth of biofilm on
PP material was weaker than any other SS material studied,
as indicated in Fig. 1b. Furthermore, after 80 days of biofilm
formation, the more significant growth rate of S. enterica
biofilm generated on PP material utilizing both PCA and
RHA media was 3.50 x 107 and 2.10 x 107 CFU/cm?, respec-
tively. While the growth rate of bacterial cells on SS material
was the fastest, the most outstanding biofilm count on PCA
and RHA media was 5.30x 10°® and 2.30x 10® CFU/cm?,
respectively. This indicated that the tested SS material has a
rough surface, which might enable the biofilm to form more
quickly and at higher concentrations. The numbers of sessile
cells (Fig. 1c) revealed that adhered cells increased exponen-
tially when the potential of P. aeruginosa to create biofilm
was examined. Using PCA and HFA media, the maximum
cell density of dispersed biofilm cells from PP material was
obtained after 80 days of biofilm production: 9.40 x 10 and
5.60x 10’ CFU/cm?, respectively. Using the same media and
biofilm production on SS material, the greatest cell density
was achieved at 9.50x 10 and 2.30 x 10® CFU/cm”.

From statistical analysis, results disclosed a positive cor-
relation between the biofilm age and increasing bacterial
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Table 1 Correlation between E. coli biofilm ages and log;, of sur-
vived biofilm cells growth rates

Correlation items PP-PCA PP-RHA SS-PCA SS-RHA
Number of XY pairs 9 9 9 9
Pearson r 0.9393 0.9354 0.9006 0.8991

P value (two-tailed) 0.0002 0.0002 0.0009 0.0010
P value summary ek ok ok ok

R squared 0.8823 0.8751 0.8111 0.8084
Is the correla- Yes Yes Yes Yes

tion significant?
(alpha=0.05)

Table 2 Correlation between P. aeruginosa biofilm ages and log,, of
survived biofilm cell growth rates

Correlation items PP-PCA PP-HFA SS-PCA  SS-HFA
Number of XY pairs 9 9 9 9
Pearson r 0.9465 0.9460 0.8779 0.8859
P value (two-tailed) 0.0001 0.0001 0.0019 0.0015
P value summary ok HAE wE wE

R squared 0.8958 0.8949 0.7707 0.7849
Is the correla- Yes Yes Yes Yes

tion significant?
(alpha=0.05)

biofilm populations, implying that the highest biofilm forma-
tion could be obtained in the maturation state (after 80 days)
(Tables 1, 2, and 3).

Based on the information provided, it appears that the
biofilm growth ability and rate were compared between three
different bacterial species in the same experiments, and the
results showed that P. aeruginosa had the highest growth
rate of the three species. However, it is also mentioned that
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Table 3 Correlation between S. enterica biofilm ages and log, of
survived biofilm cells growth rates

Correlation items PP-PCA PP-HISA SS-PCA SS-HISA
Number of XY pairs 9 9 9 9
Pearson r 0.9362 0.9284 0.8849 0.9007
P value (two-tailed) 0.0002 0.0003 0.0015 0.0009

P value summary ok ot ok ok

R squared 0.8764 0.8619 0.7830 0.8113
Is the correla- Yes Yes Yes Yes

tion significant?
(alpha=0.05)

Table 4 Variability in average biofilm growth using crystal violet
staining assay along the columns in terms of absorbance at 570 nm
(mean value + standard deviation given in parenthesis)

Biofilm formation rate Absorbance at 570 nm

Bacterial species Incubation time

E. coli 1 day 0.46+0.25
3 days 0.68+1.13
S. enterica 1 day 0.41+1.05
3 days 0.73+£0.95
P. aeruginosa 1 day 0.59+1.19
3 days 0.84+1.35

P. aeruginosa developed a significant amount of biofilm in
the wells, which may indicate that it produced more biofilm
than the other two species. It is important to note that the
amount of biofilm produced is not necessarily the same as
the growth rate of the biofilm. Growth rate refers to how
quickly the biofilm is forming, while the amount of biofilm

Fig.2 Minimum, maximum,

produced is the total amount of biomass present in the bio-
film. It is possible for a biofilm to have a high growth rate
but a relatively low amount of biomass if the bacteria are
not able to accumulate and produce significant amounts of
EPS (Table 4).

Estimation of biofilm formation using direct
culture-independent methods

ATP quantification

Data presented in Fig. 2 demonstrated that the highest levels
of produced ATP from the biofilm formed upon both PP and
SS were reached after 80 days. Moreover, the most copious
amounts of ATP were 8.20x 108 RLU/cm? for P. aeruginosa
biofilm developed on SS followed by 2.50 x 10® RLU/cm?
for E. coli and 2.30x 10® RLU/cm? for S. enterica on the
same material. While the highest levels of ATP for biofilm
formations of PP were 4.90x 107, 8.10x 10, and 1.20x 10
RLU/cm? for E. coli, S. enterica, and P. aeruginosa, respec-
tively. This data supports that the ATP assay may be a viable
option for determining bacterial communities, which may be
used as a rapid method for determining presence of bacteria.
The strongest correlation between ATP and heterotrophic
plate counts (HPC) was reported with extreme significance
(P<0.05).

Visualization of biofilm developed using SEM
When analyzing the SEM images after 90 days, there are
more cells attached on SS than PP (Figs. 3, 4, and 5), fur-

ther supporting that SS surfaces may encourage biofilm
formation more than PP. The obtained results evidenced

P- value 0.0001 ki

-

-
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Fig.3 FESEM images of the
formed biofilm of 90 days old
for E. coli grown upon a poly-
propylene (PP) material and b
stainless steel (SS) material

Fig.4 FESEM images of the
formed biofilm of 90 days old
for S. enterica grown upon a
polypropylene (PP) material and
b stainless steel (SS) material

Fig.5 FESEM images of the
formed biofilm of 90 days old
for P. aeruginosa grown upon a
polypropylene (PP) material and
b stainless steel (SS) material

that the formed biofilm cells for all tested bacterial strains
grown upon PP material were lower densities than that
formed on SS material. In addition, P. aeruginosa biofilm
appears denser than other species on SS, suggesting that
SS material promoted biofilm formation. When SEM ana-
lyzed the same samples, it was observed that after 90 days,
the SS surface could facilitate biofilm formation more than
PP (Fig. 5). The amount and structure of polysaccharides
released by bacteria into the EPS are influenced by envi-
ronmental factors and cell concentrations. Additionally,
the extrapolymeric substance thickness and agglomerates’
diameters were measured.
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The quantification of microbial biofilm components

Results of polysaccharides The quantity of polysaccharides
in whole E. coli biofilm developed on PP material ranged
between 245 and 514 pg/cm?, while the amount of polysac-
charide extracted from EPS was between 97.3 and 344.2 pg/
cm?. Regarding the amounts of polysaccharides, the biofilm
grown upon SS, result revealed that the quantity of poly-
saccharides was 341 and 623 pg/cm? in the whole biofilm
and EPS, respectively, but the amount of polysaccharides
extracted from EPS was 124.6 and 375.5 mg/cm? across the
entire biofilm and EPS, respectively (Fig. 6a).
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Fig.6 The average amount of exopolysaccharide (pg/cm?) of whole biofilm and extracted EPS of a E. coli, b S. enterica, and ¢ P. aeruginosa as
mature biofilm each 10 days until 90 days old biofilm grown upon polypropylene (PP) and stainless steel (SS) material

As to the development of biofilm by S. enterica, data illus-
trated in Fig. 6b the quantity of exopolysaccharide devel-
oped on PP material in both whole and EPS biofilm ranged
from 230 to 584 pg/cm?, while the amount of exopolysac-
charide extracted from EPS was between 75 and 245 pg/
cm?. Throughout the development of biofilm formed on SS,
the findings showed that the production of exopolysaccha-
ride in whole and EPS biofilm was 325 and 639 pg/cm?,
respectively. Still, the quantity of polysaccharide produced
from EPS was 98 and 274 pg/cm? in the entire biofilm and
EPS, respectively.

Regarding biofilm improvement on PP by P. aeruginosa,
the quantity of exopolysaccharide developed on PP material
in both whole and EPS biofilm ranged from 278 to 684 pg/
cm?, while the amount of exopolysaccharide extracted from
EPS was between 125 and 373 pg/cm?. Throughout growth
of biofilms formed on SS, the findings showed that pro-
duction of exopolysaccharide in whole and EPS extraction
was 325 and 639 ug/cm?, respectively, but the quantity of
exopolysaccharide produced from EPS was 142 and 412 pg/
cm? in the entire biofilm and EPS, respectively (Fig. 6¢).

The type of bacteria that form a biofilm can have a signifi-
cant impact on the amount of EPS present in the biofilm. EPS
are polymers produced by bacteria that help to hold the bio-
film together and provide protection against environmental
stresses. Different types of bacteria produce different types
and amounts of EPS. For example, some bacteria produce
EPS that are highly viscous and sticky, which can help to
create a more robust and stable biofilm. Other bacteria may
produce EPS that are less viscous and more easily dispersed,
leading to a less stable biofilm. Additionally, some bacte-
ria may produce EPS that are more resistant to degradation,
which can lead to the accumulation of EPS over time. Over-
all, the type of bacteria that form a biofilm can have a sig-
nificant impact on the amount and type of EPS present in the
biofilm. This can, in turn, affect the properties and behavior
of the biofilm, including its stability, ability to resist envi-
ronmental stresses, and interactions with other organisms.

Results of protein The quantity of protein in whole E. coli

biofilm developed on PP material ranged between 546 and
826 pg/cm?, while the quantity of extracted protein from
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EPS was between 287 and 503 pg/cm®. Regarding the
amounts of protein while biofilm grown on SS, it was found
that the amount of protein was 598 and 845 pg/cm? in the
whole biofilm and EPS, respectively, but the quantity of pro-
tein from EPS was 308 and 529 pg/cm? in the entire biofilm
and EPS, respectively (Fig. 7a). The protein concentration
formed on PP material by S. enterica during the biofilm
construction spanned from 521 to 792 pg/cm?, whereas the
protein concentration recovered from EPS was around 254
and 483 pg/cm? (Fig. 7a). The results indicated that the lev-
els of protein in the whole biofilm and the EPS were 574 and
803 pg/cm? in the whole biofilm and the EPS, respectively,
during the circumstance for biofilm produced on SS. The
total biofilm and EPS made 295 and 516 pg/cm? of protein
from EPS. When P. aeruginosa established a biofilm on PP,
the amount of protein produced on the material ranged from
584 to 858 pg/cm?, while the amount of protein recovered
from EPS was between 310 and 534 pg/cm?. However, the
quantity of protein produced from EPS was 324 and 564 ng/
cm?, respectively, in the condition for biofilm developed on
SS. The results indicated that the concentration of protein in
the entire and EPS biofilm was 619 and 871 pg/cm? in the
whole biofilm and EPS, respectively (Fig. 7c).

Discussion

Restricting and controlling bacterial proliferation and bio-
film formation in medical systems and water distribution
networks is essential for maintaining public health (Puzon
et al. 2009). Corrosion, deterioration in water quality, odor
and taste, and deterioration of disinfectants in the distri-
bution system are triggered by several different kinds of
pathogens in the pipe biofilm (Wang et al. 2012, 2014;
Hemdan et al. 2015). The category of pipeline materi-
als used and their characteristics could be the principal
cause of this, as they may influence the type, thickness,
and rate of biofilm growth (Hemdan et al. 2016). As a
result, a sufficient acquaintance of the biofilm features of
various materials is crucial to guarantee potable water to
consumers and the control of biofilm on medical supplies
(Hemdan et al. 2017).

In the current study, the tested SS surface forms the
biofilm more quickly than the tested PP material surfaces.
The density of bacterial counts was higher on SS than PP.
This may be due to the fact that the surface of SS is more
rough than PP; moreover, the quantity of biofilm may

a) E. coli b) S. enterica
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Fig.7 The average amount of protein (ug/cm?) of whole biofilm and extracted EPS of a E. coli, b S. enterica, and ¢ P. aeruginosa as mature bio-
film each 10 days until 90 days old biofilm grown upon polypropylene (PP) and stainless steel (SS) materials
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reach up to 25 times higher on rough than smooth sur-
faces. A wide range of parameters can influence microbial
colonization on solid surfaces. The degree of coloniza-
tion of certain surfaces, for example, has been found to
increase with surface roughness because the “valleys”
present allow microbes to reside in a protected area with
reduced shear forces and the surface roughness provides
a surface with increased surface area for bacterial attach-
ment (Donlan 2002; Vu et al. 2009). Nolan et al. (2018)
discovered that biofilm grow much faster in PP than in SS
materials, but such distinctions could not be discovered
in aged pipe networks. Similarly, after decades of opera-
tions, there was no significant difference in the coloniza-
tion of the investigated materials (SS, polyvinyl chloride
(PVC), and PP) (Gloag et al. 2013). Moreover, with the
plastic-based materials including PP, previous investiga-
tion reported that it can support less biofilm develop-
ment than tarred steel and cement-based materials; others
showed no significant differences between the biofilm of
the SS, polyethylene (PE), and PVC (Gomes et al. 2014;
Buse et al. 2017).

Although the bacterial biofilm counts on PCA were still
in the same log as the counts recovered by selective agar
media in the current study. The addition of a secondary cul-
ture media was used as confirmatory results, nonetheless, the
recovery of bacterial biofilm counts on PCA was found to be
slightly higher than that determined on selective media, for
example, the results of the present study showed that E.coli
biofilm counts on SS material were 8.50x 108 CFU/cm? on
PCA as enrichment agar medium. This could be because
PCA is high enrichment medium with high nutrients,
whereas selective media contain some selective agents that
may inhibit the recovery of the target bacteria (Degirmenci
et al. 2012). Rocelle et al. (1996) and Silk and Donnelly
(1997) discovered no significant difference in bacterial pop-
ulation recovery using selective or enrichment agar media.

The earlier studies on biofilm in distribution networks
have only used methods that rely on cultivating media to
characterize the existing bacteria (Hemdan et al. 2021). The
obtained results of cultural-dependent methods showed that
the biofilm counts of E. coli, S. enterica, and Pseudomonas
aeruginosa on SS material using enrichment agar media
were 8.50 x 108, 5.30x 108, and 9.50 x 108 CFU/cm?, respec-
tively. On the other hand, the biofilm counts for E. coli, S.
enterica, and Pseudomonas aeruginosa on PP material
using enrichment agar media were 8.90x 107, 3.50x 10" and
9.40 x 10" CFU/cm?, respectively. Researchers studied the
density, species composition, and population dynamics of
bacteria in biofilm produced in distinct pipe materials (e.g.,
iron, copper, SS, and PVC) using culture-based and culture-
independent approaches (Kirmusaoglu 2019). Many molecu-
lar techniques, which avoid using culture media, have been
employed to investigate the occurrence of bacterial species

in biofilm samples, including high-throughput amplicon
sequencing, microscopic investigations, and metabolic activ-
ity analyses (Mei et al. 2018). In the current investigation, it
was discovered that measuring the quantities of ATP in SS
and PP biofilm samples is highly recommended for deter-
mining the bacterial density. Moreover, ATP is regarded as
a rapid method for figuring out bacterial densities in biofilm
samples (Zhang et al. 2022). ATP bioluminescence approach
is among the most often used substitute approaches for
microbial population assessments. It may be performed as a
quantitative assay to estimate the bacterial population densi-
ties in a broad range of used materials (Johani et al. 2018).
Moreover, compared to the traditional approaches for quan-
tifying the populations of bacterial cells in water and biofilm
samples, such a technique is easy, affordable, and efficient.
It has a strong association with heterotrophic plate count
(HPC) statistics (Koopman et al. 2015). Biofilm is typically
assumed from the standpoint of the enclosed microbial cells’
physiological and safety needs. They can, however, be well-
thought-out as biophysical materials, with the cells acting
as colloids and the EPS functioning as a cross-linked hydro-
gel matrix. This paradigm has established weak substance
physics parallels, enabling the current knowledge of biofilm
communities as viscoelastic materials (Gloag et al. 2020).
Further, mechanical analysis is challenging because bio-
films are tiny and highly variable, both within and between
biological replicates and species (Guerra et al. 2017). The
composition of biofilm is also affected by the availability of
nutrients in a specific environment and genetic factors of the
microorganisms within the community (Hall-Stoodley et al.
2004; Melaugh et al. 2016).

In this study, it was found that P. aeruginosa strain was
able to form biofilm on the inner surface of the wells. More-
over, P. aeruginosa was the most efficient at forming biofilm
in terms of growth rate, but it also produced a significant
amount of biomass, as determined by crystal violet of bio-
films formed on microtiter plates (Table 4). On the other
side, least biofilm biomass formed was for S. enterica. The
processes of bacterial biofilm development follow the same
general pattern (Dos Santos et al. 2018). Initially, the motile
bacteria approach the surface that is to be colonized and
explore it by moving. This is the phase of the reversible
adhesion. From one moment on, some bacteria lose their
flagella and attach irreversibly to the substratum (Eroshenko
et al. 2017). This is followed by the attached growth of the
bacteria, starting with the formation of microcolonies, accu-
mulation of biofilm biomass, and, finally, mobilization of
some cells and their detachment from the biofilm in search
of novel niches. The latter process is little known; expect-
edly, it is related to processes of degradation or loosening of
the biofilm matrix (Huang et al. 2018).

SEM was already a beneficial model for examining
the substratum structure and tracking bacterial adhesion
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and biofilm development on various substrates. Certainly,
SEM has been used to investigate and describe biofilms
on medical equipment since its beginnings (Hemdan et al.
2017). In the present work, SEM showed that, the biofilm
of the three tested bacteria species (E. coli, Salmonella
enterica, and P. aeruginosa) have been formed on both
PP and SS materials. In addition, the three tested bacterial
strains adhered well on both PP and SS materials. This is
back to the fact that bacterial cell adhesion is influenced
by factors such as physiology, cell morphology, and the
physicochemical properties of the contact surface. Gram-
negative bacteria adhere to surfaces more easily than
Gram-positive bacteria because they have pili, flagella,
and fimbriae, as well as an outer membrane (Santi et al.
2014). Iibuchi et al. (2010) found that Salmonella sp. has
ability to form biofilm on PP surface; they also observed
formation of EPS by SEM. Furthermore, the results of
SEM showed that the densities of the formed biofilm of
the three tested bacteria species were higher on SS than
PP materials. This may be due to the surface of stainless
steel material is hydrophobic that facilitates the adhesion
of microorganisms more easily than other surface com-
pared to polypropylene surface (Santi et al. 2014). Further,
SEM possesses the magnification and accuracy sufficient
to examine the overall shape of the microbes involved in
forming biofilm and their spatial configuration (Ferreira
Ribeiro et al. 2016). Despite conventional techniques that
would provide bulk measurement, SEM provides a spatial
analysis that renders it an appealing technique for evaluat-
ing biofilm formation on heterogeneous surfaces (where
there is a junction between two materials) (Gomes and
Mergulhio 2017).

Extracellular polymers, widely known as extracellular
polymeric substances (EPS), are the structure that binds vital
microorganisms together, adheres to the surface, and protects
them from stressful events (Park and Hu 2010). The dimen-
sional strength of the bacterial communities is supported by
EPS, composed of carbohydrates, proteins, deoxyribonucleic
acid (DNA), and lipids in varying proportions (Flemming
and Wingender 2010). The EPS acts as a physical barrier to
protect the enclosed bacterial community from environmen-
tal stress by facilitating cell—cell adhesion and surface attach-
ment (Poulin and Kuperman 2021). E. coli, Salmonella, and
Psedumonas spp. are able to produce EPS (Wang et al. 2013;
Pang et al. 2017). The results revealed that the significant aver-
age amounts of polysaccharides in the whole and EPS biofilm
were discovered in the biofilm formed on SS. This could be
owing to a difference in microbial numbers that can play a role
in biofilm development, with a positive relationship between
microbial numbers and microbial metabolic activity (protein
and polysaccharide). These results are consistent with those of
Hemdan et al. (2017). They found that the levels and amounts
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of protein and polysaccharides in the whole biofilms are higher
than in harvested EPS of biofilm.

Moreover, the EPS promotes the establishment of three-
dimensional biofilm construction by serving as nutrition stor-
age reservoirs and supporting bacteria in adhering to several
substrates. It effectively shields bacteria from a variability of
hostel and environmental situations. Under specific ecologi-
cal parameters, bacteria may produce an abundance of EPS
components with various EPS with various structural and
functional properties (Vu et al. 2009). E. coli and P. aerugi-
nosa, for example, create substantial amounts of colonic acid
or alginate in response to environmental stressors such as
dehydration and osmotic stress (Rabin et al. 2015). The EPS,
proteins, and extracellular DNA that comprised the biofilm
matrix facilitated the formation of a community-based biofilm
(Wilson et al. 2017).

As a consequence of changing microbial species attach-
ing to substrates, biofilm structures develop into organized
communities. Biofilm infestation with various dangerous
microorganisms plagues industrial facilities, including water
treatment systems and healthcare institutions, having a fatal
effect on public health. As a result, research into microbial
biofilm utilizing various monitoring techniques is crucial from
amedical and financial perspective. These results shed light to
better understand the physiological behavior and densities of
biofilm. While P. aeruginosa has frequently been observed to
outcompete other tested species, its rate of biofilm production
was higher than that of the other species. S. enterica had the
slowest rate of biofilm growth at the same time. Particularly for
P. aeruginosa, biofilm production on SS materials was much
higher than on PP materials. From the obtained results, it was
observed that P. aeruginosa generated biofilm with higher pro-
tein levels and polysaccharides than E. coli and S. enterica.
This may be due to the ability of P. aeruginosa to produce
different kinds of polysaccharides for instance alginate, Psl and
Pel. These polysaccharides are responsible for the production
and strength of biofilm (Batoni et al. 2016; Passos da Silva
et al. 2019). It is well known that Psl-like polysaccharide is
considered the main composition of some Pseudomonas spp.
EPS and also plays an important role in the virulence intensity
of these Pseudomonas spp. (Heredia-Ponce et al. 2020). The
bacterial biofilm cell counts using culture-dependent methods
were matched with the results of microbial metabolic activi-
ties. The obtained result recommends the direct techniques for
deeply investigation of biofilm as they are easy to use, low-
cost, and reliable.

Conclusion

We evaluated 90-day formed biofilms E.coli, S. enterica, and
P. aeruginosa on SS and PP materials. Biofilm formation
has been assessed using culture-dependent methods on both
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selective and nonselective agar media, as well as culture-
independent methods such as scanning electron microscope
(SEM) and ATP and protein quantification. Using both
selective and nonselective agar media, the biofilm of E. coli,
Salmonella enterica, and P. aeruginosa counts on SS was
greater than on PP materials. Furthermore, SEM revealed
that SS materials encourage biofilm formation more than
PP materials after 90 days. Moreover, SEM revealed that the
density of P. aeruginosa biofilm was greater on both SS and
PP materials than that of E. coli and Salmonella enterica. On
the other hand, the ATP amounts of E. coli (2.50x 108 RLU/
cm?), S. enterica (2.30x 108 RLU/cm?), and P. aeruginosa
(8.20x 108 RLU/cm?) on SS materials were higher than that
formed on PP materials. Finally, it can be concluded that
PP materials are advantageous for industrial applications,
such as those used in drinking water distribution systems
and medical devices. The biofilm evaluation in simulated
system using cultural dependent approaches such as PCA
and specific agar media and using cultural independent
approaches such as SEM, ATP, and protein determinations
is highly recommended.

Funding Open access funding provided by The Science, Technology
& Innovation Funding Authority (STDF) in cooperation with The
Egyptian Knowledge Bank (EKB). The authors would like to grate-
fully acknowledge the Academy of Scientific Research and Technology
(ASRT), Egypt, for financial support.

Data availability The data that support the findings of this study are
available on request from the corresponding author.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Batoni G, Maisetta G, Esin S (2016) Antimicrobial peptides and their
interaction with biofilms of medically relevant bacteria. Bio-
chim Biophys Acta 1858:1044—1060. https://doi.org/10.1016/j.
bbamem.2015.10.013

Buse HY, Ji P, Gomez-Alvarez V, Pruden A, Edwards MA, Ashbolt
NJ (2017) Effect of temperature and colonization of Legionella

pneumophila and Vermamoeba vermiformis on bacterial commu-
nity composition of copper drinking water biofilms. Microb Bio-
technol 10(4):773-788. https://doi.org/10.1111/1751-7915.12457

Chen M, Yu Q, Sun H (2013) Novel strategies for the prevention and
treatment of biofilm related infections. Int J Mol Sci 14(9):18488—
501. https://doi.org/10.3390/ijms 140918488

Coffey BM, Anderson GG (2014) Biofilm formation in the 96-well
microtiter plate. Methods Methods Mol Biol 1149:631—41. https://
doi.org/10.1007/978-1-4939-0473-0_48

D’Ugo E, Marcheggiani S, D’Angelo AM, Caciolli S, Puccinelli C,
Giuseppetti R, Mancini L (2018) Microbiological water quality in
the medical device industry in Italy. Microchem J 136:293-299.
https://doi.org/10.1016/j.microc.2016.12.012

Dall GF, Tsang STJ, Gwynne PJ, Wilkinson AJ, Simpson AHW,
Breusch SJB, Gallagher MP (2017) The dissolvable bead: a novel
in vitro biofilm model for evaluating antimicrobial resistance. J
Microbiol Methods 142:46-51. https://doi.org/10.1016/j.mimet.
2017.08.020

Degirmenci H, Karapinar M, Karabiyikli S (2012) The survival
of E. coli O157:H7, S. Typhimurium and L. monocytogenes
in black carrot (Daucus carota) juice. Inter J Food Microbiol
153:212-215. https://doi.org/10.1016/j.ijfoodmicro.2011.11.017

Donlan RM (2002) Biofilms: microbial life on surfaces. Emerging
Infect Dis 8:881-890. https://doi.org/10.3201/eid0809.020063

Dos Santos ALS, Galdino ACM, de Mello TP, Ramos LS, Bran-
quinha MH, Bolognese AM, Neto JC, Roudbary M (2018) What
are the advantages of living in a community? A microbial bio-
film perspective! Mem Inst Oswaldo Cruz 113(9):e180212.
https://doi.org/10.1590/0074-02760180212

Du Y, Lv XT, Wu QY, Zhang DY, Zhou YT, Peng L, Hu HY (2017)
Formation and control of disinfection byproducts and toxicity
during reclaimed water chlorination: a review. J Environ Sci
(China) 58:51-63. https://doi.org/10.1016/j.jes.2017.01.013

Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F (1956)
Colorimetric method for determination of sugars and related
substances. Anal Chem 28(3):350-356. https://doi.org/10.1021/
ac60111a017

Ebert C, Tuchscherr L, Unger N, Pollath C, Gladigau F, Popp J, Neuge-
bauer U (2021) Correlation of crystal violet biofilm test results of
Staphylococcus aureus clinical isolates with Raman spectroscopic
read-out. J Raman Spectrosc 52(12):2660-2670. https://doi.org/
10.1002/jrs.6237

El-Liethy MA, Hemdan BA, El-Taweel GE (2020) Prevalence of
E. coli, Salmonella, and Listeria spp. as potential pathogens: a
comparative study for biofilm of sink drain environment. J Food
Saf 40(4):e12816. https://doi.org/10.1111/jfs.12816

El Nahrawy AM, Hemdan BA, Hammad ABA, Luther AK, Bakr AM
(2019) Microstructure and antimicrobial properties of bioactive
cobalt Co-doped copper aluminosilicate nanocrystallines. Silicon
12:2317-2327 (2020). https://doi.org/10.1007/s12633-019-00326-

El Nahrawy AM, Hemdan BA, Abou Hammad AB (2021) Morpho-
logical, impedance and terahertz properties of zinc titanate/Fe3+
nanocrystalline for suppression of Pseudomonas aeruginosa bio-
film. Nano-Struct Nano-Objects 26:100715. https://doi.org/10.
1016/j.nan0s0.2021.100715

El Nahrawy AM, Mansour AM, Elzwawy A, Abou Hammad AB,
Hemdan BA (2022) Spectroscopic and magnetic properties of
Co00.15A10.25-xNi0.6+xFe204 nanocomposites aided by silica
for prohibiting pathogenic bacteria during sewage handling. Envi-
ron Nanotechnology Monit Manag 18:100672. https://doi.org/10.
1016/j.enmm.2022.100672

Eroshenko D, Polyudova T, Korobov V (2017) N-acetylcysteine inhib-
its growth, adhesion and biofilm formation of Gram-positive skin
pathogens. Microb Pathog 105:145-152. https://doi.org/10.1016/j.
micpath.2017.02.030

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.bbamem.2015.10.013
https://doi.org/10.1016/j.bbamem.2015.10.013
https://doi.org/10.1111/1751-7915.12457
https://doi.org/10.3390/ijms140918488
https://doi.org/10.1007/978-1-4939-0473-0_48
https://doi.org/10.1007/978-1-4939-0473-0_48
https://doi.org/10.1016/j.microc.2016.12.012
https://doi.org/10.1016/j.mimet.2017.08.020
https://doi.org/10.1016/j.mimet.2017.08.020
https://doi.org/10.1016/j.ijfoodmicro.2011.11.017
https://doi.org/10.3201/eid0809.020063
https://doi.org/10.1590/0074-02760180212
https://doi.org/10.1016/j.jes.2017.01.013
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1002/jrs.6237
https://doi.org/10.1002/jrs.6237
https://doi.org/10.1111/jfs.12816
https://doi.org/10.1007/s12633-019-00326-
https://doi.org/10.1016/j.nanoso.2021.100715
https://doi.org/10.1016/j.nanoso.2021.100715
https://doi.org/10.1016/j.enmm.2022.100672
https://doi.org/10.1016/j.enmm.2022.100672
https://doi.org/10.1016/j.micpath.2017.02.030
https://doi.org/10.1016/j.micpath.2017.02.030

2998

Biologia (2023) 78:2987-2999

Ferreira Ribeiro C, Cogo-Miiller K, Franco GC, Silva-Concilio LR,
Sampaio Campos M, De Mello Rode S, Claro Neves AC (2016)
Initial oral biofilm formation on titanium implants with differ-
ent surface treatments: an in vivo study. Arch Oral Biol 69:33-9.
https://doi.org/10.1016/j.archoralbio.2016.05.006

Flemming HC, Wingender J (2010) The biofilm matrix. Nat Rev
Microbiol 8:623-633. https://doi.org/10.1038/nrmicro2415

Funari R, Shen AQ (2022) Detection and characterization of bacterial
biofilms and biofilm-based sensors. ACS Sensors 7(2):347-357.
https://doi.org/10.1021/acssensors.1¢02722

Gloag ES, Turnbull L, Huang A, Wang H, Nolan LM, Mililli L, Hunt
C, LuJ, Osvath SR, Monahan LG, Cavaliere R, Charles IG, Wand
MP, Gee ML, Prabhakar R, Whitchurch CB (2013) Self-organ-
ization of bacterial biofilms is facilitated by extracellular DNA.
Proc Natl Acad Sci USA 110(28):11541-11546. https://doi.org/
10.1073/pnas.1218898110

Gloag ES, Fabbri S, Wozniak DJ, Stoodley P (2020) Biofilm mechan-
ics: implications in infection and survival. Biofilm 2:100017.
https://doi.org/10.1016/j.bioflm.2019.100017

Gomes LC, Mergulhao FJ (2017) SEM analysis of surface impact on
biofilm antibiotic treatment. Scanning 29:60194. https://doi.org/
10.1155/2017/2960194

Gomes IB, Simdes M, Simodes LC (2014) An overview on the reactors
to study drinking water biofilms. Water Res 62:63—87. https://doi.
org/10.1016/j.watres.2014.05.039

Guerra P, Valbuena A, Querol-Audi J, Silva C, Castellanos M, Rod-
riguez-Huete A, Garriga D, Mateu MG, Verdaguer N (2017)
Structural basis for biologically relevant mechanical stiffening of
a virus capsid by cavity-creating or spacefilling mutations. Sci
Rep 7:4101. https://doi.org/10.1038/s41598-017-04345-w

Gupta P, Sarkar S, Das B, Bhattacharjee S, Tribedi P (2016) Bio-
film, pathogenesis and prevention—a journey to break the wall:
a review. Arch Microbiol 198(1):1-15. https://doi.org/10.1007/
$00203-015-1148-6

Hall-Stoodley L, Costerton JW, Stoodley P (2004) Bacterial biofilms:
from the natural environment to infectious diseases. Nat Rev
Microbiol 2(2):95-108. https://doi.org/10.1038/nrmicro821

Hellweger FL, Clegg RJ, Clark JR, Plugge CM, Kreft JU (2016)
Advancing microbial sciences by individual-based modelling. Nat
Rev Microbiol 14(7):461-471. https://doi.org/10.1038/nrmicro.
2016.62

Hemdan B, Sedik M, Kamel M, El-Taweel GE (2015) Impact of pipe
materials and chlorination on planktonic and biofilm cells of Lis-
teria monocytogenes. Open Conf Proc J 6:41-50. https://doi.org/
10.2174/2210289201506010041

Hemdan BA, Elliethy MA, Eissa AH, Kamel MM, El-Taweel GE
(2016) Effect of corroded and non corroded pipe materials on
biofilm formation in water distribution systems. World Appl Sci
J 34(2):214-222. https://doi.org/10.5829/idosi.wasj.2016.34.2.81

Hemdan BA, El-Liethy MA, Shaban AM, El-Taweel GE (2017) Quan-
tification of the metabolic activities of natural biofilm of different
microenvironments. J Environ Sci Technol 10:131-138. https://
doi.org/10.3923/jest.2017.131.138

Hemdan BA, El-Liethy MA, EIMahdy MEI, EL-Taweel GE (2019)
Metagenomics analysis of bacterial structure communities within
natural biofilm. Heliyon 5(8):e02271. https://doi.org/10.1016/j.
heliyon.2019.e02271

Hemdan BA, Azab El-Liethy M, El-Taweel GE (2020) The destruction
of Escherichia coli adhered to pipe surfaces in a model drinking
water distribution system via various antibiofilm agents. Water
Environ Res 92:2155-2167. https://doi.org/10.1002/wer.1388

Hemdan BA, El-Taweel GE, Goswami P, Pant D, Sevda S (2021) The
role of biofilm in the development and dissemination of ubiquitous
pathogens in drinking water distribution systems: an overview of
surveillance, outbreaks, and prevention. World J Microbiol Bio-
technol 37(2):36. https://doi.org/10.1007/s11274-021-03008-3

@ Springer

Heredia-Ponce Z, Gutiérrez-Barranquero JA, Purtschert-Montenegro
G, Eberl L, Cazorla FM, de Vicente A (2020) Biologicalrole of
EPS from Pseudomonas syringaepv. syringaeUMAFO0158 extracel-
lular matrix, focusing on a Psl-likepolysaccharide. NPJ Biofilms
Microbiomes 6:37. https://doi.org/10.1038/s41522-020-00148-6

Huang H, Yu Q, Ren H, Geng J, Xu K, Zhang Y, Ding L (2018)
Towards physicochemical and biological effects on detachment
and activity recovery of aging biofilm by enzyme and surfactant
treatments. Bioresour Technol 247:319-326. https://doi.org/10.
1016/j.biortech.2017.09.082

Tibuchi R, Hara-Kudo Y, Hasegawa A, Kumagai S (2010) Survival
of Salmonella on a polypropylene surface under dry condi-
tions in relation to biofilm-formation capability. J Food Protect
73(8):1506-1510. https://doi.org/10.4315/0362-028x-73.8.1506

Jachlewski S, Jachlewski WD, Linne U, Brisen C, Wingender J, Sie-
bers B (2015) Isolation of extracellular polymeric substances from
biofilms of the thermoacidophilic archaeon Sulfolobus acidocal-
darius. Front Bioeng Biotechnol 3:123. https://doi.org/10.3389/
fbioe.2015.00123

Johani K, Abualsaud D, Costa DM, Hu H, Whiteley G, Deva A, Vick-
ery K (2018) Characterization of microbial community com-
position, antimicrobial resistance and biofilm on intensive care
surfaces. J Infect Public Health 1(3):418-424. https://doi.org/10.
1016/j.jiph.2017.10.005

Juhna T, Birzniece D, Larsson S, Zulenkovs D, Sharipo A, Azevedo
NF, Keeviln CW (2007) Detection of Escherichia coli in biofilms
from pipe samples and coupons in drinking water distribution
networks. Appl Environ Microbiol 73(22):7456-7464. https://doi.
org/10.1128/AEM.00845-07

Khatoon Z, McTiernan CD, Suuronen EJ, Mah TF, Alarcon EI
(2018) Bacterial biofilm formation on implantable devices
and approaches to its treatment and prevention. Heliyon
28(12):e01067. https://doi.org/10.1016/j.heliyon.2018.e01067

Kirmusaoglu S (2019) The methods for detection of biofilm and screen-
ing antibiofilm activity of agents. Antimicrobials Antibiotic Resist
Antibiofilm Strateg Act Methods. https://doi.org/10.5772/intec
hopen.84411

Koopman JA, Marshall JM, Bhatiya A, Eguale T, Kwiek JJ, Gunna JS
(2015) Inhibition of salmonella enterica biofilm formation using
small- molecule adenosine mimetics. Antimicrob Agents Chem-
other 59(1):76-84. https://doi.org/10.1128/AAC.03407-14

Limoli DH, Yang J, Khansaheb MK, Helfman B, Peng L, Stecenko AA,
Goldberg JB (2016) Staphylococcus aureus and Pseudomonas
aeruginosa co-infection is associated with cystic fibrosis-related
diabetes and poor clinical outcomes. Eur J Clin Microbiol Infect
Dis 35(6):947-953. https://doi.org/10.1007/s10096-016-2621-0

Liu G, Zhang Y, van der Mark E, Magic-Knezev A, Pinto A, van den
Bogert B, Liu W, van der Meer W, Medema G (2018) Assess-
ing the origin of bacteria in tap water and distribution system in
an unchlorinated drinking water system by SourceTracker using
microbial community fingerprints. Water Res 138:86-96. https://
doi.org/10.1016/j.watres.2018.03.043

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Pro-
tein measurement with the Folin phenol reagent. J Biol Chem
193(1):265-275

Liihrig K, Canbick B, Paul CJ, Johansson T, Persson KM, Réadstrom P
(2015) Bacterial community analysis of drinking water biofilms in
southern Sweden. Microbes Environments 30(1):99-107. https://
doi.org/10.1264/jsme2.ME14123

Ma Z, Bumunang EW, Stanford K, Bie X, Niu YD, McAllister TA
(2019) Biofilm formation by shiga toxin-producing Escherichia
coli on stainless steel coupons as affected by temperature and
incubation time. Microorganisms 7(4):95. https://doi.org/10.3390/
microorganisms7040095

Mei Y, Yu K, Lo JCY, Takeuchi LE, Hadjesfandiari N, Yazdani-
Ahmadabadi H, Brooks DE, Lange D, Kizhakkedathu JN (2018)


https://doi.org/10.1016/j.archoralbio.2016.05.006
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1021/acssensors.1c02722
https://doi.org/10.1073/pnas.1218898110
https://doi.org/10.1073/pnas.1218898110
https://doi.org/10.1016/j.bioflm.2019.100017
https://doi.org/10.1155/2017/2960194
https://doi.org/10.1155/2017/2960194
https://doi.org/10.1016/j.watres.2014.05.039
https://doi.org/10.1016/j.watres.2014.05.039
https://doi.org/10.1038/s41598-017-04345-w
https://doi.org/10.1007/s00203-015-1148-6
https://doi.org/10.1007/s00203-015-1148-6
https://doi.org/10.1038/nrmicro821
https://doi.org/10.1038/nrmicro.2016.62
https://doi.org/10.1038/nrmicro.2016.62
https://doi.org/10.2174/2210289201506010041
https://doi.org/10.2174/2210289201506010041
https://doi.org/10.5829/idosi.wasj.2016.34.2.81
https://doi.org/10.3923/jest.2017.131.138
https://doi.org/10.3923/jest.2017.131.138
https://doi.org/10.1016/j.heliyon.2019.e02271
https://doi.org/10.1016/j.heliyon.2019.e02271
https://doi.org/10.1002/wer.1388
https://doi.org/10.1007/s11274-021-03008-3
https://doi.org/10.1038/s41522-020-00148-6
https://doi.org/10.1016/j.biortech.2017.09.082
https://doi.org/10.1016/j.biortech.2017.09.082
https://doi.org/10.4315/0362-028x-73.8.1506
https://doi.org/10.3389/fbioe.2015.00123
https://doi.org/10.3389/fbioe.2015.00123
https://doi.org/10.1016/j.jiph.2017.10.005
https://doi.org/10.1016/j.jiph.2017.10.005
https://doi.org/10.1128/AEM.00845-07
https://doi.org/10.1128/AEM.00845-07
https://doi.org/10.1016/j.heliyon.2018.e01067
https://doi.org/10.5772/intechopen.84411
https://doi.org/10.5772/intechopen.84411
https://doi.org/10.1128/AAC.03407-14
https://doi.org/10.1007/s10096-016-2621-0
https://doi.org/10.1016/j.watres.2018.03.043
https://doi.org/10.1016/j.watres.2018.03.043
https://doi.org/10.1264/jsme2.ME14123
https://doi.org/10.1264/jsme2.ME14123
https://doi.org/10.3390/microorganisms7040095
https://doi.org/10.3390/microorganisms7040095

Biologia (2023) 78:2987-2999

2999

Polymer-nanoparticle interaction as a design principle in the
development of a durable ultrathin universal binary antibiofilm
coating with long-term activity. ACS Nano 12:11881-11891.
https://doi.org/10.1021/acsnano.8b05512

Melaugh G, Hutchison J, Kragh KN, Irie Y, Roberts A, Bjarnsholt
T, Diggle SP, Gordon VD, Allen RJ (2016) Shaping the growth
behaviour of biofilms initiated from bacterial aggregates. PLoS
One 11(4):e0154637. https://doi.org/10.1371/journal.pone.0149683

Nolan LM, Whitchurch CB, Barquist L, Katrib M, Boinett CJ, Mayho
M, Cain AK (2018) A global genomic approach uncovers novel
components for twitching motility-mediated biofilm expansion in
Pseudomonas aeruginosa. Microb Genomics 4(11). https://doi.
org/10.1099/mgen.0.000229

Pang XY, Yang YS, Yuk HG (2017) Biofilm formation and disinfectant
resistance of Salmonella sp. in mono-and dual-species with Pseu-
domonas aeruginosa. ] Appl Microbiol 123(3):651-660. https://
doi.org/10.1111/jam.13521

Park SK, HuJY (2010) Assessment of the extent of bacterial growth
in reverse osmosis system for improving drinking water quality.
J Environ Sci Heal Part A Toxic/Hazardous Subst Environ Eng
45(8):968—77. https://doi.org/10.1080/10934521003772386

Passos da Silva D, Matwichuk ML, Townsend DO, Reichhardt C,
Lamba D, Wozniak DJ (2019) The Pseudomonas aeruginosa lec-
tin LecB binds to the exopolysaccharide Psl and stabilizes the
biofilm matrix. Nat Commun 2019(10):2183. https://doi.org/10.
1038/541467-019-10201-4

Poulin MB, Kuperman LL (2021) Regulation of biofilm exopolysac-
charide production by cyclic di-guanosine monophosphate. Front
Microbiol 12:730980. https://www.frontiersin.org/articles/10.
3389/fmicb.2021.730980/full

Puzon GJ, Lancaster JA, Wylie JT, Plumb JJ (2009) Rapid detection
of Naegleria fowleri in water distribution pipeline biofilms and
drinking water samples. Environ Sci Technol 43(17):6691-6696.
https://doi.org/10.1021/es900432m

Rabin N, Zheng Y, Opoku-Temeng C, Du Y, Bonsu E, Sintim HO
(2015) Biofilm formation mechanisms and targets for developing
antibiofilm agents. Future Med Chem 7(4):493-512. https://doi.
org/10.4155/fmc.15.6

Riau AK, Aung TT, Setiawan M, Yang L, Yam GHF, Beuerman RW,
Venkatraman SS, Mehta JS (2019) Surface immobilization of
nano-silver on polymeric medical devices to prevent bacterial
biofilm formation. Pathogens 8(3):93. https://doi.org/10.3390/
pathogens8030093

Rocelle M, Clavero S, Beuchat LR (1996) Survival of Escherichia coli
0157:H7 in broth and processed salami as influenced by pH, water
activity and temperature and suitability of media for its recovery.
Appl Environ Microbiol 62:2735-2740. https://doi.org/10.1128/
aem.62.8.2735-2740.1996

Rgder HL, Sgrensen SJ, Burmglle M (2016) Studying bacterial multi-
species biofilms: where to start? Trends Microbiol 24(6):503-513.
https://doi.org/10.1016/.tim.2016.02.019

Saccomano SC, Jewell MP, Cash KJ (2021) A review of chemosensors
and biosensors for monitoring biofilm dynamics. Sensors Actua-
tors Rep 3:100043. https://doi.org/10.1016/j.snr.2021.100043

Santa AP, Salimena A, JA°nior ACS, dasGraA M, Alves E, Piccoli
RH (2014) Scanning electron microscopy of biofilm formation
by Staphylococcus aureus on stainless steel and polypropylene
surfaces. Afr J Microbiol Res 8(34):3136-3143. https://doi.org/
10.5897/AIMR2014.6989

Silk TM, Donnelly CW (1997) Increased detection of acid-injured
Escherichia coli O157:H7 in autoclaved apple cider by using
nonselective repair on trypticase soy agar. J Food Protec 60:1483—
1486. https://doi.org/10.4315/0362-028X-60.12.1483

Slavin YN, Asnis J, Hifeli UO, Bach H (2017) Metal nanopar-
ticles: understanding the mechanisms behind antibacterial

activity. J Nanobiotechnol 15:65. https://doi.org/10.1186/
$12951-017-0308-z

Srinivasan R, Santhakumari S, Poonguzhali P, Geetha M, Dyavaiah
M, Xiangmin L (2021) Bacterial biofilm inhibition: a focused
review on recent therapeutic strategies for combating the biofilm
mediated infections. Front Microbiol 12:1-19. https://doi.org/10.
3389/fmicb.2021.676458

Staley C, Unno T, Gould TJ, Jarvis B, Phillips J, Cotner JB, Sadowsky
MIJ (2013) Application of Illumina next-generation sequencing
to characterize the bacterial community of the Upper Mississippi
River. J Appl Microbiol 15(5):1147-1158. https://doi.org/10.
1111/jam.12323

Subramanian P, Shanmugam N, Sivaraman U, Kumar S, Selvaraj S
(2012) Antiobiotic resistance pattern of biofilm-forming uropath-
ogens isolated from catheterised patients in Pondicherry, India.
Australas Med J 5(7):344-348. https://doi.org/10.4066/AMJ.2012.
1193

Subramanian S, Huiszoon RC, Chu S, Bentley WE, Ghodssi R (2020)
Microsystems for biofilm characterization and sensing—a review.
Biofilm 2:100015. https://doi.org/10.1016/j.bioflm.2019.100015

Vu B, Chen M, Crawford RJ, Ivanova EP (2009) Bacterial extracel-
lular polysaccharides involved in biofilm formation. Molecules
14:2535-2554. https://doi.org/10.3390/molecules 14072535

Walter WG (1961) Standard methods for the examination of water and
wastewater (11th ed.). Am J Public Heal Nations Heal 51:940-940

Wang H, Hu C, Hu X, Yang M, Qu J (2012) Effects of disinfectant and
biofilm on the corrosion of cast iron pipes in a reclaimed water
distribution system. Water Res 46(4):1070-1078. https://doi.org/
10.1016/j.watres.2011.12.001

Wang R, Kalchayanand N, Schmidt JW, Harhay DM (2013) Mixed
biofilm formation by Shiga toxin—producing Escherichia coli
and Salmonella enterica serovar Typhimurium enhanced bacte-
rial resistance to sanitization due to extracellular polymeric sub-
stances. J Food Protect 76(9):1513-1522. https://doi.org/10.4315/
0362-028X.JFP-13-077

Wang H, Masters S, Edwards MA, Falkinham JO, Pruden A (2014)
Effect of disinfectant, water age, and pipe materials on bacterial
and eukaryotic community structure in drinking water biofilm.
Environ Sci Technol 48:1426—1435. https://doi.org/10.1021/es402
636u

Wilson C, Lukowicz R, Merchant S, Valquier-Flynn H, Caballero J,
Sandoval J, Okuom M, Huber C, Brooks TD, Wilson E, Clement
B, Wentworth CD, Holmes AE (2017) Quantitative and qualita-
tive assessment methods for biofilm growth: a mini-review. Res
Rev J Eng Technol Res Rev J Eng Technol 6(4). http://www.rroij.
com/open-access/quantitative-and-qualitative-assessment-metho
ds-for-biofilm-growth-a-minireview-.pdf

Yergeau E, Lawrence JR, Sanschagrin S, Waiser MJ, Korber DR, Greer
CW (2012) Next-generation sequencing of microbial communities
in the Athabasca River and its tributaries in relation to oil sands
mining activities. Appl Envrion Microbiol 78(21):7626-7637.
https://doi.org/10.1128/ AEM.02036-12

Zhang K, Wu X, Zhang T, Cen C, Mao R, Pan R (2022) Pilot investiga-
tion on biostability of drinking water distribution systems under
water source switching. Appl Microbiol Biotechnolo 106(13—
16):5273-5286. https://doi.org/10.1007/s00253-022-12050-6

Ziembinska-Buczynska A, Ciesielski S, Zabczyﬁski S, Cema G (2019)
Bacterial community structure in rotating biological contactor
treating coke wastewater in relation to medium composition.
Environ Sci Pollut Res 26:19171-19179. https://doi.org/10.1007/
s11356-019-05087-0

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1021/acsnano.8b05512
https://doi.org/10.1371/journal.pone.0149683
https://doi.org/10.1099/mgen.0.000229
https://doi.org/10.1099/mgen.0.000229
https://doi.org/10.1111/jam.13521
https://doi.org/10.1111/jam.13521
https://doi.org/10.1080/10934521003772386
https://doi.org/10.1038/s41467-019-10201-4
https://doi.org/10.1038/s41467-019-10201-4
https://www.frontiersin.org/articles/10.3389/fmicb.2021.730980/full
https://www.frontiersin.org/articles/10.3389/fmicb.2021.730980/full
https://doi.org/10.1021/es900432m
https://doi.org/10.4155/fmc.15.6
https://doi.org/10.4155/fmc.15.6
https://doi.org/10.3390/pathogens8030093
https://doi.org/10.3390/pathogens8030093
https://doi.org/10.1128/aem.62.8.2735-2740.1996
https://doi.org/10.1128/aem.62.8.2735-2740.1996
https://doi.org/10.1016/j.tim.2016.02.019
https://doi.org/10.1016/j.snr.2021.100043
https://doi.org/10.5897/AJMR2014.6989
https://doi.org/10.5897/AJMR2014.6989
https://doi.org/10.4315/0362-028X-60.12.1483
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.3389/fmicb.2021.676458
https://doi.org/10.3389/fmicb.2021.676458
https://doi.org/10.1111/jam.12323
https://doi.org/10.1111/jam.12323
https://doi.org/10.4066/AMJ.2012.1193
https://doi.org/10.4066/AMJ.2012.1193
https://doi.org/10.1016/j.bioflm.2019.100015
https://doi.org/10.3390/molecules14072535
https://doi.org/10.1016/j.watres.2011.12.001
https://doi.org/10.1016/j.watres.2011.12.001
https://doi.org/10.4315/0362-028X.JFP-13-077
https://doi.org/10.4315/0362-028X.JFP-13-077
https://doi.org/10.1021/es402636u
https://doi.org/10.1021/es402636u
http://www.rroij.com/open-access/quantitative-and-qualitative-assessment-methods-for-biofilm-growth-a-minireview-.pdf
http://www.rroij.com/open-access/quantitative-and-qualitative-assessment-methods-for-biofilm-growth-a-minireview-.pdf
http://www.rroij.com/open-access/quantitative-and-qualitative-assessment-methods-for-biofilm-growth-a-minireview-.pdf
https://doi.org/10.1128/AEM.02036-12
https://doi.org/10.1007/s00253-022-12050-6
https://doi.org/10.1007/s11356-019-05087-0
https://doi.org/10.1007/s11356-019-05087-0

	Quantitative and physiological behavior techniques to investigate the evolution of monospecies biofilm of pathogenic bacteria on material surfaces
	Abstract
	Introduction
	Materials and methods
	Microorganisms used and growth conditions
	Biofilm formation
	Biofilm formation on material coupons
	Biofilm formation on 96-well microtiter plates

	Determination of the microbial populations in biofilm using the culture-dependent technique
	Direct observation of biofilm using the culture-independent technique
	The quantification of ATP level
	Scanning electron microscope (SEM) observation
	Composition of whole biofilm and EPS

	Statistical analysis

	Results
	Determination of biofilm formation using culture-dependent methods
	Estimation of biofilm formation using direct culture-independent methods
	ATP quantification
	Visualization of biofilm developed using SEM
	The quantification of microbial biofilm components


	Discussion
	Conclusion
	References


