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Preface

Bacterial biofilms are sessile cellular communities that attach to biotic and abiotic
surfaces. Cells embedded in an extracellular matrix of highly hydrated polymeric
substances (EPS) adopt a “multicellular lifestyle” by self-production. This prevailing
microbial lifestyle in ecosystems allows them to survive against extreme living condi-
tions such as humidity, pressure, temperature, extreme pH values, osmotic stress,
and antimicrobial chemicals, among others.

Bacteria growing predominantly in a biofilm matrix can persist on any kind of clinical
instrument and industrial surface. The presence of biofilms at these unwanted locations
triggers infections and diseases, causing water and food contamination. It is estimated
to be responsible for up to 75% of microbial infections in humans due to the biofilms
harbored on indwelling medical devices. The biofilm-associated critical problems have
resulted in the biofouling of membranes, obstruction of equipment, and metal surface
corrosion in industrial settings. On the other hand, most laboratory studies indicate
that it can be applied in surface/ground water treatment, bioremediation of soils, and
biotechnological productions of chemicals.

The aforementioned knowledge and biofilms are the subject of interdisciplinary
studies, including analytics, biology, chemistry, medicine, and engineering. So, in this
book, topics including the biofilm-producing bacteria, genetic fundamentals of biofilm
development, quorum sensing, prevention of biofilm formation, and implications of
biofilms in industry will be discussed.

Sadik Dinger
Cukurova University,
Adana, Turkey

Hatice Aysun Mercimek Takc1
Kilis 7 Aralik University,
Kilis, Turkey

Melis Sumengen Ozdenefe
Near East University,
Nicosia, Turkish Republic of Northern Cyprus
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Chapter1

Biofilm Disinfection in Medical
Devices

Eiichi Osono and Rimpei Movrita

Abstract

We evaluated the disinfection of biofilms in the fluid piping of dialysis equipment,
focusing on Methylobacterium radiotolerance. Using a Center for Disease Control and
Prevention (CDC) biofilm reactor, we analyzed the disinfection effects of chemical and
physical disinfectants based on concentration and reaction time. Sodium hypochlorite
showed dose-dependent disinfection, achieving a log reduction value (LRV) of 4 at
1000 ppm in 10 minutes, while lower concentrations also achieved similar values over
longer periods, 6 hours. The bactericidal effect of peracetic acid correlated with its
concentration, reaching an LRV of 6 within 10 minutes in certain products. Hot water
at 80°C for 2 minutes also proved effective. Ozone and hydrogen peroxide were less
effective; however, they had the advantage of decomposing quickly and returning to
water. This study highlights the importance of daily disinfection to maintain dialysis
equipment, providing scientific evidence through cleanliness for a practical approach
to sustain patient care.

Keywords: hemodialysis equipment, sodium hypochlorite, peracetic acid, hot water,
Methylobacterium spp., CDC biofilm reactor, neutralization

1. Introduction

Hemodialysis is a critical treatment for maintaining homeostasis in patients with
kidney failure by removing waste products from their bodies. This process involves
using a semipermeable membrane to filter and purify blood waste. It is typically
conducted three times a week for 4 hours per session, enabling patients to maintain
daily activities while sustaining their natural lifespan.

During hemodialysis, blood is exposed to a dialysis fluid—a glucose-added
Ringer’s solution with pH adjusted using sodium bicarbonate—produced at each
treatment facility. Effective microbiological control of hemodialysis systems depends
on three key strategies [1]: (1) appropriate system design, (2) proper operation, and
(3) regular disinfection. The final cleanliness of dialysis fluid is ensured by filtration
through UF membranes; endtoxin retentive filter (ETRF). However, controlling
the upstream bioburden requires not only maintaining aseptic handling to prevent
contamination [2] but also implementing proper daily disinfection. Otherwise, the
function of reusable ETRF can rapidly deteriorate. The disinfection protocols for
these systems are outlined in the operation manuals of dialysis equipment, based on
standards such as JIS-T0601-2-16 (the Japanese adaptation of IEC standards). These
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-------- -~ ™ Reactor

Cell count at the end of CSBR.
planktonic: 7.47 * 0.55 X 107 CFU/mL
biofilm: 8.38 * 0.23 X 108 CFU/ coupon

Figure 1.

CDgC biofilm veactor. Left: full picture. Center: the reactor;, with eight rods in three coupons each, was filled with a
1:10 TSB solution, and after Methylobacterium radiotolerance suspension was added, the mixture was stirred at
125 rpm at room temperature for 72 hours. A 1:100 TSB solution was then injected continuously for 24 hours at a
flow rate of 10.5-11.7 ml/min (Continuous Stirring Biofilm Reactor: CSBR) Right: visible biofilm on a coupon.

guidelines employ the test microorganism suspension method (TMSM) [3] to verify
disinfection efficacy against planktonic bacteria. However, in practice, significant
inconsistencies have been observed, with large numbers of bacteria still being isolated
from dialysis systems despite adherence to these protocols.

In contrast, the U.S. Environmental Protection Agency (EPA) has adopted the CDC
Biofilm Reactor (CDC-BFR; Figure 1) as a standard evaluation method for disinfectants
targeting biofilms on non-porous hard surfaces [4]. This reactor simulates robust biofilm
formation under high shear forces and flow rates, a system known as the continuous stir-
ring biofilm reactor (CSBR) [5]. In this chapter, we examine disinfection strategies for
biofilm-forming bacteria, focusing on Methylobacterium radiotolerans, an aquatic species
commonly found within dialysis equipment [6]. Using the CDC-BFR, we assessed the
efficacy of practical disinfection methods, analyzing the effects of disinfectant concen-
tration and exposure time on biofilm removal. Based on these findings, we propose a
scientifically validated framework for selecting effective disinfectants for flow piping.

2. Disinfection
2.1 Sodium hypochlorite (NaClO)

Sodium hypochlorite (NaOCI) is one of the most widely used disinfectants in
manufacturing systems [7] and is the only disinfectant specified in the operating
manuals for dialysis equipment manufactured in Japan. The ionization ratio of
hypochlorous acid (HOCI) to hypochlorite ion (ClO~) varies depending on pH: at
pH 5, the ratio is 10:0; at pH 7.5, it is 5:5; and at pH 10.5, it is 0:10. HOCI effectively
penetrates bacterial cell membranes, whereas ClO™ cannot enter the cytoplasm unless
the membrane is damaged.
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When a 6% NaOClI solution (Pulax, Oyarax, Osaka) was diluted to concentrations
ranging from 50 to 1000 ppm and tested for its bactericidal effect on planktonic cells
using the TMSM [3], complete bacterial inactivation was achieved even at the lowest
concentration of 50 ppm (open triangle in Figure 2, upper panel) [8]. However, its
efficacy against biofilms varied with concentration: the logarithmic reduction value
(LRV) was 1.25 (1.14-1.36) at 50 ppm, 2.37 (1.58-3.30) at 200 ppm, and 5.22 (4.68-
5.68) at 1000 ppm; this satisfies the European Norm (EN) and U.S. EPA standards
for disinfectant efficacy when using the CDC-BFR, achieving a significant reduction
within 10 minutes (0.17 hours).

The effect of pH on NaOCI efficacy was also evaluated. At 1000 ppm, alkalization
tended to reduce bactericidal activity, but no significant differences were observed
under other conditions, possibly due to the cleaning effect of ClO™ in account
(Figure 2, lower panel). When examining the effect of reaction time at 200 ppm, the
LRV exceeded 2 (2.01-2.49) within 10 minutes, increasing to 3.61 (2.94-4.08) after

10 min
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Figure 2.

Effects of NaOCl on planktonic and biofilms of M radiotolerance prepared with CDC-BFR, reacted

for 10 minutes as specified by EPA. Reprinted from Ref. [8]. /\: TMSM O: CDC-BFR. Upper: Effect of
concentration. Lower: Effect of pH. The measured pH diluted by PBS/DW/o0.01 N NaOH was 8.5/9.7/10.9 at
200 ppm and 9.7/10.4/11.0 at 1000 ppm.
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Figure 3.
Effect of reaction time of NaOCI on biofilm of M radiotolerance. Reprinted from Ref. [8].

1 hour and 4.27 (4.11-4.54) after 6 hours (Figure 3). At 1000 ppm, the LRV exceeded
4 (4.31-4.86) within 10 minutes and increased slightly 5 to 6 (5.53-5.63) after
0.5 hours, but no further improvement was observed with extended exposure times
of up to 6 hours. Tests using acidic, low-conductivity, high-purity hypochlorite water
(C.L. Fine, Nipro, Osaka) yielded similar results, confirming that both concentration
and exposure time significantly influence biofilm disinfection efficacy [9]. However,
there is a precaution that it is an acidic formulation with a pH of 5, so it penetrates into
the silicone material and takes a long time to flush with care after disinfection [10].
The LRV of biofilms formed using the CDC-BFR increased proportionally
with NaOCI concentration (Figure 2) and improved with longer exposure times
(Figure 3), confirming that both concentration and duration are key metrics for
quantitative disinfection evaluation. Notably, a NaOCl concentration of 1000 ppm
achieves effective disinfection within 10 minutes when the system is properly rinsed,
and the concentration is kept stable. Even at a lower concentration of 200 ppm,
NaOCI demonstrated strong disinfectant efficacy, highlighting its practicality for
maintaining dialysis systems.

2.2 Peracetic acid (PAA)

Peracetic acid (PAA) effectively penetrates bacterial cell membranes and dis-
rupts the outer wall by inactivating enzyme-active sites. This action is mediated
by hydroxyl radicals, which specifically target amino acids containing SH groups
during the decomposition of PAA [11]. Additionally, hydrogen peroxide (H,0,), a
component present in PAA formulations, enhances its antimicrobial activity through
the generation of reactive oxygen species [12]. The release of oxygen bubbles caused
by catalase activity may further contribute to the physical disruption of biofilms.
However, PAA is not effective as a peeling agent for encapsulated biofilms, limit-
ing its ability to fully remove them. PAA is synthesized by combining acetic acid
and H,0,, leading to variations in the concentrations of PAA, acetic acid, and H,0,
depending on the formulation.

In the study [13], the pH of 12 PAA-based products diluted as designation ranged
from 1.75 to 4.96, and a positive correlation was observed between the concentrations
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of PAA and H,0, (r = 0.702, p = 0.005). Against planktonic bacteria, all products
eradicated bacteria completely within a 10-minute reaction time, regardless of PAA
concentration (Figure 4, upper panel). However, efficacy against biofilms varied
significantly among products, with LRVs (logarithmic reduction values) ranging from
2.47 to 9.40 after a 10-minute reaction under appropriate neutralization conditions.
One product designated as a chemical sterilizer, containing 450 ppm of PAA, achieved
an LRV of 8.93. The LRV positively correlated with increasing PAA concentration
(Figure 4, lower-left panel, r = 0.861) and showed a similar, though weaker, trend with
H,0, (Figure 4, lower-right panel, r = 0.501). However, stepwise multiple regression
analysis revealed that the bactericidal effect was primarily driven by PAA (p = 0.011),
with H,0, contributing a secondary effect when catalase neutralized it completely. The
additive antimicrobial effects of PAA and H,0, suggest distinct mechanisms of action
on biofilms. Concentration-dependent changes in LRV were evident when a single
PAA product was diluted 100x, 150x, and 300x, corresponding to reductions in PAA
concentration to 2/3 and 1/3, respectively (Figure 5). At 300x dilution, extending the
reaction time to 1 or 3 hours further enhanced biofilm reduction.

Similar time-dependent effects were observed with both PAA and NaOCI prod-
ucts on biofilms. From a clinical perspective, PAA-based products are promising
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Figure 4.
Effect of PAA concentration on planktonic and biofilms of M radiotolerance reacted for 10 minutes. Reprinted

from Ref. [13]. Upper: Against planktonic cells. /\: TMSM. Lower: Against biofilms. Dots are averages of 3 to 6
experiments for each product Left: PAA Right: H,0,.
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Figure 5.

Effects of different dilution rates of PAA and reaction time at high dilution vates on biofilms of M.
radiotolerance. Reprinted from Ref. [13]. Left: Dose-dependent. Dilution rate was at x100, X150, x300. Right:
Time-dependent. Reaction time was extended for 1 to 3 hours at x300.

alternatives for routine cleaning and disinfection following dialysis treatments,
although strong oxidizing forces may damage components, causing leaks and equip-
ment failure. Their ability to achieve significant biofilm reduction, coupled with their
effectiveness at varying concentrations and reaction times, makes them valuable tools
in dialysis system maintenance.

2.3 Hot water rinsing as a disinfection method

Hot water disinfection works by denaturing proteins and lipids through heat-
induced structural changes and dehydration, which damage the outer membrane, cell
membrane, and cytoplasm, ultimately resulting in bacterial death [14]. This method
is widely used in pharmaceutical manufacturing processes, such as pasteurization,
where water for injection is maintained at a temperature of 70°C or higher. Despite
its efficacy, the high initial costs of heat-resistant equipment and heat sources limit
its widespread adoption in dialysis facilities. Additionally, aquatic bacteria like
Methylobacterium radiotolerans, which do not grow at 42°C [15], are generally suscep-
tible to heat, but cooling during pipe transit or insufficient thermostatic maintenance
can compromise the disinfection process.

For example [16], Hot water maintained at 80°C in a thermostatic bath was highly
effective in disinfection, with the LRV against biofilm achieved 7 (6.69-8.85) in
10 minutes (Figure 6, upper panel, closed circles). On the other hand, when the 80°C
water was left at room temperature, the LRV was only 2.68 (2.54-2.95) (Figure 6,
upper panel, open circles). During this process, the actual water temperature in
the bath ranged between 75 and 78°C, with an accumulated lethality value (Ao) of
120-280 seconds (80°C equivalent; Figure 6, middle panel) after 10 minutes. When
left to cool at room temperature, the cumulative Ao value was only 15-34 seconds, as
shown by continuous temperature measurements (Figure 6, lower panel).

Shorter reaction times (2-5 minutes) under constant temperature conditions
were also tested (bold open circle in Figure 6, upper-right panel). The relationship
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Figure 6.

Effect of hot water rinsing on M radiotolerance biofilm. Reprinted from Ref. [16]. Upper-left: LRV by hot water.
Open circle: left at voom temperature, closed circle: maintain constant temperaturve. Upper-right: Relationship
between Ao value and the bactericidal effect. Middle: Time length at each measured temperature that becomes
Ao (80°C conversion 1 second). Vertical axis: second, Horizontal axis: Measured temperature. A change of 10°C
results in a one-digit difference. Lower: Actual change when hot water was left at room temperature. Vertical
axis: Measured temperature, horizontal axis: time after leaving.

between Ao and LRV showed a strong correlation (R = 0.863, p = 0.001) in a semi-
logarithmic plot. An Ao of 113 seconds was sufficient to reach an LRV of 6, but the
sterilizing effect decayed rapidly below that.

Hot water disinfection has notable advantages, including leaving no harmful
residues and supporting sustainable development goals (SDGs) by naturally revert-
ing to water. However, it is not a comprehensive solution for biofilm removal or for
use after dialysis sessions. Its limitations, such as inconsistent biofilm removal and
potential deterioration of system components [17], highlight the need for it to be used
as a supplementary method alongside chemical disinfection for optimal results.

2.4 Ozon and hydrogen peroxide

In facilities without effluent treatment systems, discharging disinfectants can
damage sewage infrastructure, necessitating compliance with effluent standards
(e.g., pH 5-9 and temperature < 50°C) [18]. Hydrogen peroxide (H,0,) is broken
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down by bacterial catalase releasing reactive oxygen species with disinfectant prop-
erties [12]. Even at low concentrations, H,O, damages both bacterial cell wall and
membranes [19]. However, residual H,O, may interfere with biological assays, leading
to overestimated disinfectant effects. In this study, a neutralizing agent (polysor-
bate, lecithin, and catalase) effectively halted reactions, ensuring no residual H,0,
remained 10 minutes after neutralization.

Ozone (03), itself a reactive oxygen species, considered for application in dialysis
systems, was tested using Nikkiso’s Handlex (Nikka Micron Co., Misato) for ozonized
water production. At standard O; concentrations of 4 ppm and a maximum capacity
of 10 ppm, the log reduction value (LRV) against planktonic bacteria was around 3
at 4 ppm but only 0.90 (0.61-1.26) against biofilms. At 10 ppm, the LRV for biofilms
improved to 1.88 (1.85-1.93) (Figure 7, left panel) [16]. Ozone has the advantage of
rapid degradation, making it a viable option for certain applications, such as during
multi-use dialysis sessions.

For H,0, (3.5% Kenei Pharma, Osaka), the LRV against planktonic bacteria was
2.45 (2.12-2.78) at 100x dilution, while it was only 0.37 (0.29-0.45) against biofilms
(Figure 7, right panel). As the concentration increased, the LRV rose significantly.

At a 10x dilution, the LRV reached 9 for planktonic bacteria and 2.72 (2.12-3.67) for
biofilms, while the undiluted solution achieved an LRV of 749 (6.72-8.05). Undiluted
H,0,, commonly used for cleaning and disinfecting skin wounds, showed strong effi-
cacy against biofilms. However, its effectiveness decreased dramatically with dilution:
the LRV dropped from 4 at a 10x dilution.

These results suggest that simple dilution is insufficient for complete removal, and
thorough rinsing is required, as with other chemical disinfectants.

2.5 Antiseptics

Iodine, released from povidone-iodine (PI) in aqueous solutions, penetrates
bacterial cell membranes and oxidizes water to form H,0I", which denatures proteins
by targeting SH groups, tyrosine, and histidine residues [20]. Chlorhexidine (CHX)
disrupts bacterial cell membranes at low concentrations, causing irreversible leakage
of cytoplasmic components and enzyme inhibition. At higher concentrations, CHX

03 H202
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Figure?7.
Effect of ozone and hydrogen peroxide concentration on M radiotolerance biofilm. Reprinted from Ref. [16].
A\ : TMSM O: CDC-BFR.
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Figure 8.

Effect of reaction time of antiseptics on M radiotolerance biofilm. Reprinted from Ref. [22]. /\: TMSM O:
CDC-BFR.

precipitates intracellular proteins and nucleic acids [21]. Both PI (10%, Meiji Seika
Pharma, Tokyo) and CHX (1% Yoshida Pharma, Osaka) are antiseptics that can also
act as disinfectants for medical devices and environments where complete sterility is
not feasible. These agents are typically used to disinfect dialysis fluid collection points
prone to biofilm formation but are not applied directly to dialysis system piping.

PI showed significant efficacy against biofilms, achieving a log reduction value
(LRV) of 3.10 (2.49—-4.49) after 10 minutes of immersion, which increased to 5.09
(3.09-6.41) at 30 minutes and 8.92 (8.55-9.36) at 60 minutes, meeting the European
sterilizer standard [22]. In contrast, against suspended bacteria, PI reached an LRV
of 6.83 within just 10 minutes, demonstrating that biofilms present greater resistance
(Figure 8, left panel). Similarly, CHX achieved an LRV of 7.06 against suspended
bacteria after appropriate neutralization. However, its efficacy against biofilms was
limited, with an LRV of 0.34 (0.28-0.44) after 10 minutes and only 0.51 (0.40-0.69)
after 30 minutes, even with extended immersion time (Figure 8, right panel).

PI is highly effective against biofilms and has the potential to act as a chemical
sterilant with sufficiently prolonged exposure times. Notable historical applications
include sterilizing the Apollo 11 spacecraft after its return from the moon in 1969 [23]
and maintaining sterility in permanent bio-implants, such as titanium connectors
in peritoneal dialysis catheters. CHX, while less effective against biofilms, serves as
an important biological disinfectant in hemodialysis, particularly for ensuring the
cleanliness of vascular access sites. After thoroughly washing with soap, removing
sebum, and decreasing the amount of bacteria, CHX effectively prevents bacterial
growth during the 4 hours that the needle is inserted for hemodialysis [24].

3. Mechanisms of biofilm formation in dialysis system and challenges in
evaluating disinfection

3.1 Evidence of biofilm formation in dialysis system contamination

Biofilms are often implicated in the recurring contamination long after disin-
fection observed in dialysis systems. For example [25], after periodic hot water
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Figure 9.

Tr%nd in bacteria isolated from dialysis fluid in dialysis equipment before and after hot water treatment.
Reprinted from Ref. [25]. Provided by Dv. Okamatsu of Komagome Aoba Clinic. Left: Changes in bacterial counts
assessed using R2A culturing and DNA fluorescence staining. Right: Genotypes of Delftia acidovorans isolated
before and 7 days after treatment, analyzed by Spe I digested pulsed-field gel electrophoresis (PFGE).

disinfection under an aseptic procedure [2] that prevents hand-derived aquatic
bacterial contamination [26], bacterial colonies are initially eradicated at 3 days post-
disinfection (Figure 9). However, by the next disinfection cycle, the same bacterial
strain, Delftia acidovorans, re-emerge, which is genomically identical, confirmed

by pulsed-field gel electrophoresis (PFGE) analysis. This indicates that the bacteria
entered a non-culturable state post-disinfection and later regained culturable as there
was no fluctuation of cell count with DNA staining.

To further study when contamination was onset, large UF membranes were
installed upstream of the brand-new dialysis equipment (Nipro, Osaka) [6]. Initial
flushing under sterile procedure revealed high bacterial loads, which gradually
decreased over time with daily cleaning and disinfection to a single dominant species,
such as Methylobacterium spp. The genotypic analysis demonstrated that persistent
colonization involved species from the initial contamination (Figure 10). These
findings suggest that biofilms not only resist disinfection but also regenerate bacteria
inside of biofilm altered by cleaning processes.

3.2 Location and species prone to biofilm formation in dialysis equipment

Dialysis equipment incorporates complex flow paths with branches, parallel
routes, and dead-legs (Figure 11), made from materials such as polycarbonate (PC),
stainless steel (SUS), and silicone (Sil) [9]. These structural features, particularly
areas with uneven flow or turbulence, are prone to biofilm formation. Initial flushing
of newly installed equipment revealed diverse microbial populations, predominantly
from the class a-Proteobacteria. Methylobacterium spp. were present in all tested
devices, with Sphingomonas spp. appearing in two-thirds (Table 1) [6]. When aque-
ous systems are cleaned and disinfected, colony colors are commonly converted
(e.g., brown to yellow to red), often leaving Methylobacterium spp. as the dominant
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Figure 10.

Trgmition of bacteria isolated during the five-year clinical use of a newly installed dialysis device following
initial cleaning. Reprinted from Ref. [25]. Dialysis fluid was culturved 1-2 times per week during initial cleaning
and every 4 weeks after clinical use. If bacteria were detected, retested the following week. Left: Colony image
and colony-forming units determined by the R2A culturing method. Right: Genotypes of Methylobacterium
radiotolerans analyzed by PFGE. Mutations up to three bands are considered to be the same strain.
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Figure 11.

Piping structure and main component materials of dialysis equipment. Reprinted from Ref. [8], partially
modified. Upper: External appearance of the equipment ¢ Piping diagram inside the equipment. Lower: gear
‘pump and solenoid valves.
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Ratio (%)
Alfa-Proteobacteria
Methylobacterium spp. 100
M. radiotolerance 100
M. phyllosphiae 50
M. aquaticum 42
Sphingomonas spp. 65
S. sanxanigenes 31
S. xenophagum 19
S. koreensis 15
S. paucimobilis 15
S. ginsenosidimutans 12
S. melonis 8
Brevundimonas nasdae 27
Bradyrhizobium spp. 23
B. elkanii 15
B japonicum 8
Afipia spp. 15
Beta Proteobacteria
Aqubacterium spp. 38
Pelomonas saccharophila 15
Gamma Proteobacteria
Aquincola tertiaricarbonis 8
Firmicutes
Avthrobacter globiformis 8

Reprinted from Ref. [6], partially modified. Twenty-six instruments were included.

Table1.
Microbial populations of newly installed equipment at the start of initial flushing identified by 16S ribosomal
RNA gene sequence.

species (Figure 10). Methylobacterium spp. are notable for their resilience in extreme
conditions and their ability to form biofilms with a robust extracellular matrix [15].
These bacteria frequently appear in water systems [27, 28], including clean and well-
maintained piping [29]. Their survival and dominance in dialysis systems could be
attributed to their metabolic versatility and biofilm-forming ability [6, 13].

3.3 Challenges in evaluating disinfectants for biofilm control
Accurate evaluation of disinfectants requires precise neutralization methods to
prevent overestimating efficacy. For instance, high-concentration PAA and H,0,

can complicate testing. In this study, Gibson’s formulation [30], a neutralizing agent
containing catalase (Nacalai Tesque, Tokyo) effectively halted reactions (Figure 12,
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PAA CHX

Recovery rate (%)

Figure 12.

Neutralization reactions. Reprinted from Ref. [22], partially modified. Upper: Recovery rate from prior
neutralization of disinfectant by in the TMSM. Left: PAA products using the Gibson formula. Right: CHX
using blue: Gibson formula; orange: DE formula; green: LP (lecithin + polysorbate). Lower: Residual hydrogen

peroxide in PAA formulations after the addition of catalase, using Pack Test H,0,. Residuals were observed at the
theoretical ratio of 0.3:1 and at double this amount.

upper-left panel). Neutralization efficacy was assessed using the TMSM, achieving
recovery rates within 50-200% of the original bacterial count [3]. Catalase was added
until no residual hydrogen peroxide was detected using a kit with a detection limit of
0.05 ppm (Pack Test H,O,, Kyoritsu Chemical, Yokohama, Figure 12, lower panel). For
CHX, effective neutralization depended on concentration, with Gibson’s formulation
neutralizing 1% CHX but failing for 4% CHX (Figure 12, upper-right panel) [22].

3.4 Species-specific biofilm resistance and material interaction

To better understand biofilm resilience, species such as Methylobacterium spp. and
Sphingomonas spp. were studied for their biofilm-forming abilities on dialysis materi-
als (PG, Sil, and SUS) using a CDC-BFR [16]. Methylobacterium radiotolerans exhib-
ited the highest biofilm viability across all materials, particularly on silicone, where
surface roughness promotes adhesion (Figure 13). Stainless steel showed the least
biofilm formation, though rust may enhance bacterial adhesion [31]. Disinfection
tests revealed that M. radiotolerans showed notable resistance to NaOCl (Figure 14),
explaining its persistence post-disinfection. While the BFR model provided insights
closer to real-world conditions [32], its potential for overestimating resistance
remains a concern. For instance, nutrient-deprived dialysis fluid may induce micro-
bial starvation, increasing sterilization resistance compared to nutrient-rich condi-
tions. Future investigations could explore advanced methods, such as the “Vickery”
technique [33], to address these challenges.
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Vigble cell counts in biofilms formed on materials of internal components of dialysis equipment by bacteria
isolated from dialysis fluid. Reprinted from Ref. [16]. Sil: Silicone; PC: Polycarbonate; Sus: Stainless Steel 304.
All species were clinical isolated strains. M ignis and A auscentica were separated multiple times before the
introduction of the equipment shown in Table 1. The dashed line indicates the minimum viable cell count
required to assess the disinfecting effect on biofilms, as defined by the EPA.
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Effect of NaOCI on different bacterial species. Reprinted from Ref. [16], partially modified. Bacteria species were
selected that met the experimental conditions shown in Figure 13 for each material. Upper: Using polycarbonate

coupons at 200 ppm, with exposure durations of 10, 30 and 60 minutes. Lower Using silicone coupons at 1000 ppm
for 10 minutes.
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4, Conclusion

The investigation using the CDC-BFR demonstrated its utility as a method for
evaluating the disinfection of dialysis equipment, particularly in its ability to compare
disinfectants with different mechanisms of action on a unified scale. Disinfectants
that penetrate cell membranes and act within the cytoplasm appear to be more effec-
tive against M radiotolerance biofilms. While commonly used products and methods
currently available exhibit high efficacy, they appear to have limited applications for
sustainable alternatives aligned with SDG principles, and replacing them will require
further ingenuity.
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Chapter?2

Effects of Bacterial Biofilm on
Immunity in Chronic Tonsillitis

Fuat Bulut and Aylin Turksever Tetiker

Abstract

A great number of children suffer from recurrent tonsillitis attacks in which
antimicrobials can only provide temporary relief. Underlying cause of this type of
recurrent infections is largely biofilm formation, formed in tonsils. Biofilm develop-
ment is a major virulent factor behind a vast number of chronic bacterial infections.
Once a biofilm is formed, planktonic cells that grow around any tissue can enter a
resting phase and begin to generate biofilm matrix. Biofilm is a primitive form of
multicellular life and refers to biological systems formed by the functional groups
of the bacteria with coordination ability. It is reported that biofilm is not necessarily
pathologic on mucosal surfaces. A “healthy” and “pathologic” microbiome has to be
present. Pathologic mucosal biofilm can be formed via microorganisms and viruses
that are no good for mucosa. Recent studies have verified the connection of pathologic
biofilm, on mucosal tissue in particular, with human diseases. In this review, effects
of the biofilm in chronic tonsillitis on mucosal immunity, advantages and limita-
tions of mucosal biofilm, chronic diseases emerging in biofilms, and latest treatment
options focusing on biofilms have been explored collectively.

Keywords: palatine tonsil, immunity, mucosal, bacteria, tonsillitis, biofilms

1. Introduction

Palatine tonsils has strategic position in oropharynx, upper respiratory tract and
gastrointestinal system and plays a major immunological role against the potential
infections in these regions [1]. A series of cytokines regulate adhesive molecules in
endothelium and epithelium cells; thereby increasing the migration of eosinophils to
mucosa. In all these tissues, expression of Toll-like receptors indicates a substantial
immunological function of upper airway mucosa [2]. Both humoral and cellular
immunological phases are initiated in lymphoid follicles and extra follicles, which
exist in crypt epithelium of lymphoids and dendritic cells [3].

2. Chronic tonsillitis and biofilm

It is safe to claim that in specific forms of tonsillitis, the cause of recurrence and
chronicity is bacterial biofilm in the crypt inside infected tonsil. If pathologically,
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in follicular lymphoid hyperplasia and interfollicular region plasma cell infiltrate to
fibrosis or non-fibrosis lymphoid, this phenomenon is named as chronic tonsillitis.
Morphological classification of chronic tonsillitis is lymphoid hyperplasia, crypt
dilation and parenchymal fibrosis. It is possible to detect heavily calcified structures
in crypts. Clinical symptoms can be halitosis, tonsil stones and permanent lymphade-
nopathies. While the bacteria protect themselves from antibiotics and host defense,
they simultaneously secrete endotoxins to the environment. As a result, local endo-
toxin inside tonsillar crypt leads to chronic inflammation. As is the case in various
infections, in chronic tonsillitis too, polysaccharides also known as mucoid extracel-
lular polymers secreted by the bacteria, proteins and teichoic acid are responsible for
biofilm formation. Mucosal biofilm hampers the treatment and multiplies the likeli-
hood of complications. Chronic tonsillitis is particularly of great importance because
it requires frequent use of antibiotics, develops resistance to antibiotics, causes
complications induced by chronic tonsillitis and calls for frequent need for surgical
operation. Biofilms can be formed via a single type of microorganism or comprised of
more than one type. Bacteria in the biofilm exist embedded into a matrix that acts like
mud or slum containing a set of polysaccharide, nucleic acid and protein. They are
named as non-cellular polymeric agents. Biofilm matrix may integrate non-cellular
mineral crystals, corrosion particles and blood components [4]. Different biofilm
architecture determines the exposure of bacteria to phages [5]. The polysaccharides
that are synthesized by biofilm microorganisms form the main extracellular compo-
nent of biofilm. As for the cellular structure of biofilm; 97% consists of water, 2-3%
consists of microorganisms, 1% consists of polysaccharide, 1% consists of protein
and 1% consists of the DNA and ions. Biofilm development takes place in five stages.
Development stages of the biofilm are as shown in Figure 1 [6].

1. Adhesion of microorganism: Organic and/or inorganic materials adhere to the
surface. Next, microorganisms stick to the same surface. This adhesion stage is
reversible. In these stages, biofilms are activated by the changes in environmental
factors (food concentrations, pH, temperature, oxygen concentration, osmolal-
ity and iron)

4 . {
cell'cell-adhesion  "Proliérarion y Maturation

Figure 1.
Stages of biofilm development: attachment, proliferation and maturation. Graphics by Peg Dirckx, David Davies
and Kavin Sauer, courtesy of Dr. Gregory Schultz, WUWHS 2008, Toronto [6].
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2.Irreversible adhesion: In this stage, microorganisms get connected and formed.
Those microorganisms are dynamic. Biofilm layer quickly becomes thicker than
10 pm. As signal changes are activated, exopolysaccharide production occurs via
genetic mechanisms and planktonic bacteria and food traps also contribute to
this compound.

3. Colonization stage I: Bacteria on the surface form microcolonies

4. Colonization stage II: Once biofilm thickness exceeds 100 mm, the 4th stage of
the colonization, also known as maturation II, occurs. Planktonic bacteria in the
environment also attach on these colonies. A few days following this process, the
5th stage emerges.

5.Detachment: In this stage, cells break up. Certain bacteria that form planktonic
phenotype disconnect from the biofilm. A range of bacteria types such as Pseudo-
monas, Staphylococcus and Haemophilus all have surface adhesion capacity.

Once the microorganism adheres to the surface, it then secretes complex polysac-
charides that thus embed the bacteria. These micro-colonies gradually expand and
named as “Quorum sensing” to refer to a large and wide form of settled bacteria.
These are resistant toward treatment with various mechanisms implemented via
planktonic bacteria [7]. Biofilm becomes infectious the moment it is formed. After
the bacteria adhere to a surface and form the biofilm, they can no longer be detached
from the surface via gentle rinsing [8].

Additionally, although microorganisms settled in biofilm are quite sensitive
toward antimicrobials in culture plates under planktonic conditions, under high con-
centrations, they can survive even under the presence of bacteria killing antimicrobi-
als [9]. Microbial biofilms are visible in more than 65-80% of all human bacterial
infections [10]. The significance of biofilm among recurrent tonsillitis and peritonsil-
lar abscess patients has been put forth [11]. Studies have reported the capacity to form
biofilm in tonsil tissues of chronic tonsillitis patients [12]. Bacterial biofilm has been
detected in saliva stones in mouth [13].

3. Effects of biofilm on mucosal immunity

A recent study has revealed the role of biofilms in immunity [14]. Bacterial
biofilms in mouth suppress 6 integrin by weakening TGF-f1 signaling, which then
leads to a developed pro-inflammatory response [15]. There is connection between
bacterial infections and autoimmunity [16]. As a response to aggressive periodontitis
treatment, the gravity of local IL-10 level has been demonstrated [17]. Mouth bacteria
secrete pro-inflammatory cytokines, and through inflammation, it affects systemic
diseases [18]. Inborn immunity plays role in the development of biofilm in pediatric
respiratory infections [19]. Stress hormones have effects on microbial infections
[20]. Pro-inflammatory cytokine IL-1p strongly increases biofilm formation [21]. S.
epidermidis biofilms, immune-activating cytokines and TNFa elevate the expression
of IL-6, IL-10, IL-1p and IFNy [22, 23]. It has been acknowledged that biofilm plays
direct role in pathogenesis. In chronic mucosal inflammation, self-antigens or aller-
gens enable the formation of biofilm as a response. Local inflammation cytokines or
excess mucus can also back up biofilm development [24]. It has been argued that some

23



Exploring Bacterial Biofilms

other factors also render the potential effect in mucosal biofilm pathogenesis. These
include mucus compound and liquid flow, specific inborn epithelium defense mecha-
nisms and epithelium’ capacity to synthesize the antimicrobial molecules. In order
to grasp mucosal role of the biofilm, it is vital to clearly manifest its host response
against biofilm in chronic diseases.

In most of the chronic diseases, the role of biofilm is generally indirect. The
context of regional lesions or tissue damage depends on the contribution of virulent
factors specific to the disease inducting mucosal biofilm. In order to fully under-
stand the pathogenesis of mucosal biofilms, it is quite important to conduct a local
analysis of tissue virulence and the stage of biofilm. It has been reported that P
aeruginosa, Staphylococcus aureus, Streptococcus pneumoniae, Haemophilus influenzae,
Moraxella catarrhalis and many other mucosal pathogens can form biofilm. The
bacteria sticking to tonsillar epithelium particularly stay within tonsillary crypt and
can become a mixed colony of the bacteria. While the bacteria protect themselves
from the antibiotics and host defense, they simultaneously release their endotoxins
to the environment. Biofilm’s mixed microorganisms and virulence factors result in
tissue damage. In human diseases, the role of mucosal biofilm can best be defined
through the two pathogenesis models of host inflammatory response. Biofilm’s
mixed microorganisms and virulence factors result in tissue damage. In diseases, the
role of mucosal biofilm can best be defined through the two pathogenesis models of
host inflammatory response. In the first model, mucosal biofilms indirectly starts
excessive pro-inflammatory response [25]. In the second model, on the other hand,
biofilm components such as extracellular matrix can lower mucosal inflammatory
response of the infection and develop phagocytic cell function disorder [26]. This
phenomenon offers an advantage in the early development of biofilm organisms.
Similar to mucosal tissue, host receptor microbial adhesion system also contributes
to the feeding environment of biofilm organisms. In the biofilm that is formed via
Streptococcus pyogenes in tissue and abiotic surfaces, there is approximately 50% vari-
ance in gene expression [27]. Extracellular matrix of the biofilm leads to antibiotic
resistance upon secreting polymers that bind and deactivate the antimicrobials
[28]. Compared to their planktonic counterparts, microorganisms in biofilms
can be 500-1.000 times more tolerant toward antibacterial components [29]. In
chronic mucosal inflammations self-antigens or allergens allow the formation of
biofilm as a response. Locally inflammatory cytokines or excessive mucus can also
contribute to biofilm formation [24]. In mucosal biofilm, there is biofilm forma-
tion associated with adaptive T and B cells in which innate immune response is due
to tissue destruction by plenty of neutrophils and macrophages, matrix metallo
proteinases and reactive oxygen species (ROS) and inflammatory cytokines (IL-1,
PGE2, TNF-a, IL-1b) [30]. Host response contributes to the improvement of oral
biofilm through collecting pro-inflammatory cells (neutrophils and macrophages),
secretion of inflammatory mediator (interleukin-1 [IL-1] and prostaglandin E2)
and matrix metallo proteinases (MMPs) [31] In inflammation, firstly, by releasing
ROS to which neutrophils are hypersensitive in periodontal diseases, they contribute
to disease progress which in turn damage proteinases, host gum and periodontal
ligaments [32]. Neutrophils promote proinflammatory cytokines such as leukotriene
B4, IL-6, tumor necrosis factor-a (TNF-a) and IL-1b [33]. Between biofilm and
human immune system, a number of complex and multidimensional interactions,
which alter host environment, condition biofilm phenotype and affect the function-
ality of host immune cells emerge [34]. Biofilms induce apoptotic process [35]. Ina
previous study we conducted, we exhibited the similarity between clinical picture of
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pediatric patients whose both mother and father have chronic tonsillitis and periodic
fever, aphthous stomatitis, pharyngitis, adenitis (PFPA syndrome) [36]. On the
other hand, it has been detected that bacterial biofilms substantiate the conditions
that lead to oncogenic transformation of epithelium cells [37]. In otolaryngology, a
review on biofilms and pathogenesis, diagnosis and treatment strategies has been
conducted Figure 2 [38].

Tonsil surface swab bacterial culture results are different from tonsil core in
recurrent tonsillitis [39]. It demonstrates ex vivo the quantity and spatial distribu-
tion of gram-positive biofilms in multimodal optic mesoscopy tonsillary [40]. A
number of studies focusing on increasing the biological significance of biofilm
models have been reported [41]. Studies have been conducted to expedite the
emergence productive biofilms in biology-based production stages [42]. Although
in chronic tonsillitis we have clinically observed the effects of bacterial mucosal
biofilms on immunological figures there is still need for biochemical, genetic and
molecular studies in this field.

3.1 Beneficial biofilms

In animal models of biofilm, it has been demonstrated that in oral mucosa cancer
treated with tretinoin, biofilm proves to be of use in the prevention or limitation
of the tumor [43]. Biofilms are effective in the treatment of industrial wastes and
removal of nitrogen and phosphorus [44]. They are, as studies show, effective in
increasing bioelectric production [45]. Studies have documented the relationship
between bacterial biofilms and immuno-modulation specific to anatomical site [46].
They are used in waste water treatment [47]. Biofilms can greatly diminish necrotiz-
ing enterocolitis incidence and its frequency [48]. Biofilms are a membrane system
resistant to contamination [49]. Beneficial oral biofilms are used as smart bioactive
interfaces [50]. Studies have reported specific biofilms that can be useful for tomato
roots [51].

Factors
influencing
biofilm
formalion
in the Ear, Nosec
and Throal :
region 4

A Limicrobioal
resistance

characteristics

Micrabial
Coloniation

Figure 2.
Biofilms in ENT: understanding the pathogenesis, diagnosis and treatment. GhoshMoulic et al. [38].
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Figure 3.
Mucosal biofilm in tonsil tissue of children with a history of recurrent/chronic tonsillitis [52].

3.2 The near future of biofilm

In otorhinolarynologist infections, biofilm-induced infections have gained more
popularity each new year. In a previous study we conducted, we have put forth the
thickness and significance of bacterial biofilm in children with chronic tonsillitis
whose mother and father both have chronic tonsillitis as shown in Figure 3 [52].

Some studies have pointed at the relationship between cancer and bacterial biofilm
[53]. As is the case in most of the chronic contagious diseases, biofilm-induced infec-
tions are also usually asymptomatic in early stages of chronic tonsillitis. When host
defense is low, planktonic or free-living microorganisms can disintegrate from biofilm
when host resistance is weak and can cause acute infection. Microbial biofilms sig-
nificantly impact human health by rising morbidity, mortality and health care costs.
The importance of anti-biofilm treatments in sleep disorders and recurrent chronic
tonsillitis has been detected [54]. It has been reported that ROS impedes biofilm
formation [55]. Biofilm morphology has been designed for high sensitivity of bioelec-
trochemical sensor [56]. Studies have exhibited the role of biofilm distribution-based
nanoparticles in the prevention of re-infection [57]. Besides, it has been reported that
local anesthetics create antimicrobial impact [58]. As an alternative treatment ultra-
sound can efficiently kill the bacteria via cavitation and peroxide production inside
or onto bacteria cells and thus can increase the efficiency of antibiotic treatment
[59]. Nanoparticles have been suggested for oral biofilm treatments [60]. It has been
reported that mechanically induced saliva has impact on the oral biofilm formation
[61]. Magnesium has been detected to exhibit antimicrobial effects [62]. Microrobots
are suggested to have effects on oral biofilms [63].

4, Conclusion

In recent years, studies related to mucosal biofilms in otorhinolarynology have
gained impetus. Emerging pathological mucosal biofilms are the main cause of
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resistance toward medical treatment and render negative effects on mucosal immu-
nity. Mucosal biofilms are the primary reason of recurrent tonsillitis in both pediatric
and adult patients. Upon the development of experimental models in biofilm-induced
infections, therapeutic strategies that can be effective on biofilm can also be devel-
oped. By this way, potential complications likely to occur in many types of chronic
infections can be diminished. Drug therapies in chronic infectious diseases can be
modeled by prioritizing the biofilm. Hence, different drug combinations according to
experimental models can be developed. In near future, more detailed and comprehen-
sive studies will shed light on the effects of bacterial biofilms on mucosal immunity of
patients with chronic tonsillitis.
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Abstract

Bacterial biofilms significantly cause persistent exacerbation of infections in the
clinical setting. These groups of microorganisms are highly resistant to host immune
responses and conventional antibiotic therapies, whereas they are embedded in an
extracellular matrix. This chapter provides more detailed information on the mecha-
nism of biofilm formation involving key stages of adherence, maturation, and spread,
including the composition and structure of a biofilm matrix. This chapter further
explores how biofilms contribute to antibiotic resistance, including physical barriers
to drug penetration, quorum sensing mechanisms, and adaptive resistance strategies
such as genetic adaptation, stress responses, and the formation of persister cells. The
role of horizontal gene transfer in the spread of antibiotic resistance within biofilm
communities is also discussed. The chapter discusses the clinical challenges posed by
biofilm-associated infections, focusing on the challenges of diagnosing and treat-
ing chronic and recurrent infections, the role of host factors in biofilm persistence,
and the limitations of current therapeutic options. Finally, we address emerging
countermeasures to counter resistance mediated by biofilms, such as enzymatic
therapies, nanomedicine technologies, natural product-based inhibitors, quorum
sensing inhibitory agents, photodynamic and sonodynamic antimicrobial therapy,
and combinatorial therapies.

Keywords: bacterial biofilm, antibiotic resistance, clinical challenges, quorum-sensing,
defensive strategies

1. Introduction
For over a century, various implications have been made by scientists and

microbiologists regarding uniform bacterial cultures in portraying a faulty image
of microbial life in terms of genetics and physiology. Initially, it was thought
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bacteria existed in the natural environment as free-floating (plankton) structures.
Still, many studies later showed the presence of multicellular bacterial cells or
communities that can live in biofilms that consist of extracellular substances and
are fixed in extracellular polymers where one cell communicates with another and
forms biofilm [1]. With the aid of a basic microscope, a Dutch researcher named
Antoni van Leeuwenhoek made the basic observation of an “animalcule” on tooth
surfaces in 1683-1708, which was called the discovery of the microbial biofilm for
the first time. Over the past decade, the concept of biofilm has been very well-
known and sufficiently studied. Further investigation proved that almost 99.8%
of bacterial cells show the process of biofilm formation at least in some stage of
their life. But the question arises: Why do bacterial cells need to accumulate and
result in biofilm formation? This concept has many better reasons, such as to
survive many harsh and unbearable environments and a variety of phenotypical
variations to survive and resist the antibiotic’s wide range [2].

Several types of bacterial communities interact and communicate with each other
to live in the form of colonies. However, multispecies biofilms, having various species
of bacteria, are better adapted to the environment, such as nutritional deficiency and
instability, than single-species biofilms. We can say that a monofilm is defined as a
biofilm made by a single species of bacteria. On the other hand, multifilms are those
constructed by more than one species of bacteria [3]. Many medical illnesses, such as
native valve endocarditis, lung infections in cystic fibrosis patients, infections linked
to medical devices, infections from ocular implants, middle ear infections, carditis,
and osteomyelitis, have been difficult to deal with because of the development of
biofilm in all such illnesses. It is still very difficult to remove from the human body, as
it can easily tolerate the required concentrations of antimicrobial treatment (10-1000
times) compared to the actual strength of the simple bacterial cells [4]. Moreover,

a mature biofilm is unaffected by phagocytosis (cell eating). That is why, even after
treating certain diseases due to biofilm, the disease can return after weeks or months.
For this, the painful process of surgically removing affected tissues is more empha-
sized [5].

Microorganisms coexist with humans and play a vital role in influencing the
host’s overall health and physiology. Some bacteria, which live in harmony with the
host, form biofilms that can be formed on various surfaces, such as the skin, vagina,
intestines, and mucosa of the mouth [6]. Pathogenic bacteria that colonize hosts and
form detrimental biofilms can lead to persistent infections and recurrence. Biofilms
can evade the host’s immune system and demonstrate the remarkable capacity to
endure antibiotic treatment attributed to tolerance and resistance mechanisms.
Resistance often occurs due to acquired mutations, which involve mechanisms such as
modifications to antibiotic targets, efflux pumps, or enzymes that degrade antibiotics
[7]. These changes enable bacteria to resist antibiotics outside biofilms by eliminating
their molecular targets. However, within biofilms, antibiotic-resistant cells can sur-
vive exposure to high concentrations of antibiotics. Since Fleming discovered penicil-
lin in 1928, numerous antibiotics have been developed to treat bacterial infections,
saving countless lives. Unfortunately, the misuse and overuse of antibiotics have led
to bacterial resistance, resulting in multi-drug resistance, marking the onset of a
“post-antibiotic era.” Biofilm infections are responsible for numerous diseases, posing
a significant and persistent threat to public health and the economy due to their novel
resistance mechanisms and high mortality rates. It has been observed that bacteria
within biofilms often exhibit increased resistance due to the reduced effectiveness of
antibiotics against biofilm-associated infections [8].
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2. Biofilm formation

The biofilm usually includes grouping single bacterial cells together to make the
community, which is further covered by the outer extracellular material that protects
the biofilm and is attached to the solid surface for further development. The maxi-
mum dry mass, i.e., 90-91%, is constituted by the semi-liquid matrix; the remaining
microorganisms occupy 9-10%. However, cell-cell contact, firm growth of microbial
species on a surface, and intimate cell contact and communication are done by differ-
ent physiological processes inside the cell [9]. Eventually, five basic stages of biofilm
formation and development are highlighted. In the first step of biofilm formation, the
adhesion mechanism helps the planktonic (single cell) attach to the surface material.
In the second step of biofilm formation, the cell adjusts itself to adhere and multiply
further. In the third step, the complexity starts as the biofilm formation is constructed
by cell-to-cell communication with the help of certain molecules that play a major role
in signaling. Later on, the architecture of a very mature biofilm is formed that also
produces the outer extracellular polymeric substance [10]. Lastly, in the final step, the
single small cells from the mature biofilm are released into their surrounding environ-
ment. It has been found that both environmental and genetic factors contribute their
role in the formation and maturation of biofilm, as shown in Figure 1. Extracellular
Polymeric substance, an important constituent of biofilm, comprises various com-
ponents such as lipids, nucleic acids, and proteins. The biofilm’s attachment to the
surface and its architectural stability are usually contributed to by certain molecules
such as lipopolysaccharides, glycopeptides, and lipids [11].

2.1 Steps in biofilm formation
2.1.1 Adherence
The first step involves the attachment of the planktonic cell to its substrate by the

adhesion process. The free-flowing microorganisms in the isolated form get assem-
bled into the proper community structures [12]. During this stage, microorganisms
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Figure 1.
Steps of biofilm formation [1].
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can go back to their planktonic state as they are loosely connected to the surfaces and
are reversible. The bacteria then change their orientation, and they begin synthesiz-
ing the adhesion molecules called extracellular polymeric substance (EPS), which
enables the attachment of bacterial cells to their surface form, facilitating irreversible
attachment. This irreversible attachment also makes them resistant to various envi-
ronmental factors that hinder the formation of biofilms [13, 14]. The studies indicated
that bis-(3'-5')-cyclic dimeric guanosine monophosphate (c-di-GMP), which is an
intracellular signaling molecule, plays a crucial role in the early stages of biofilm
formation as it promotes the formation of a biofilm matrix and inhibits flagella-
mediated swimming motility. Microorganisms have the Pil-Chp system, a surface-
sensing mechanism; as bacteria attach or detach from surfaces, the concentration of
c-di-GMP, a signaling molecule, increases. This increase in c-di-GMP levels triggers
the transformation of planktonic bacteria into surface-sensing bacteria, leading to
irreversible attachment and the initiation of biofilm formation [14].

2.1.2 Expansion or creation of microcolonies

Bacteria attach to the biological tissue or physical surface, and this binding eventu-
ally becomes stable, creating microcolonies. Chemical signals released by bacterial
cells signaled the beginning of bacterial multiplication. These signals serve as a com-
munication channel between the bacterial cells, creating the biofilm. When the signal
strength crosses a particular level, the genetic mechanism for exopolysaccharide syn-
thesis is started [15]. Therefore, the bacterial cell divisions occur within the implanted
exopolysaccharide matrix in response to the chemical signal and in the presence of a
high concentration of c-di-GMP, ultimately creating a microcolony. It is also believed
that flagella and type IV pili-mediated motilities are essential for interacting microbes
with surfaces and forming microcolonies by cell-cell aggregations [16].

2.1.3 Maturation

Some biofilm-related genes can be expressed after the microcolony stage of
biofilm development. These genetic products are required for the EPS, the primary
structural component of the biofilm. It has been studied that bacterial adhesion alone
can cause the extracellular matrix to develop. Water-filled tubes are formed after
matrix development to carry nutrients within the biofilm [17]. According to research,
these water channels act as a kind of circulatory system, supplying various nutrients
and eliminating waste by the groups in the microcolonies of biofilm. Extracellular
polymeric substances (EPS) not only help the microorganisms to adhere to surfaces
but also stabilize biofilm three-dimensional structure, cluster cells, protect the bio-
film from a variety of stresses, including the host immune system response, antimi-
crobials, oxidative damage, and metallic cations, and encapsulate signaling molecules
required for quorum sensing, metabolic products, and enzymes [18]. These factors
make EPS crucial for biofilm maturation. Biofilm in a maturation phase consists
of three layers: an inner layer that controls the biofilm, an outer layer that harbors
microorganisms that are ready to be again in their planktonic/isolated condition, and
amiddle layer known as the microbial basement layer [19].

2.1.4 Spread

After maturation, bacterial cells regularly depart from biofilms either passively
due to physical factors like liquid flow-dependent dispersion or actively (due to
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motility and EPS degradation-dependent dispersion). Bacteria can occasionally
become isolated from the colony and enter the environment due to stress. In more
instances, some bacteria stop the production of EPS and release it into the environ-
ment. Cells express genes for motility during dissociation of motile bacterial cells,
including transcription of ribosomal protein and pilus, and are almost visible in
planktonic cells [20]. Biofilms disperse because of various factors, such as lack of
nutrients, intense competition, and outgrown population, which encourage the
production of dispersion-related genes, for example, upregulation of genes involved
in EPS degradation and cell motility and a downregulation of genes essential for
polysaccharide and fimbriae synthesis.

3. Biofilm-associated antibiotic resistance

Biofilm is a bacteria colony wrapped in a self-produced polymeric matrix. The pro-
tective layer includes polysaccharides, proteins, and DNA, collectively called extracel-
lular polymeric substances (EPS). Biofilms are important in the sense that they cause
chronic and persistent infections. This is achieved by their incredible ability to reduce
the effectiveness of antibiotics. In the biofilm state, the efficiency of antibiotics is
reduced by 1000 times more than in the planktonic state. Biofilm-mediated antibiotic
resistance is a relatively new clinical issue. Studying biofilms and resulting chronic
infections is important because biofilms are not easily treatable with antibiotics,
immune systems, or surfactants.

3.1 Physical barrier: EPS - Reducing the penetration of antibiotics

External nucleic acids (eDNA, eRNA), proteins, and polysaccharides are known
to form a matrix. This matrix is called an extracellular polymeric substance (EPS).
It is common in biofilms because it offers mechanical stability to biofilms. EPS is the
physical barrier that is believed to be the first control against the use of antibiotics.
EPS is a diverse matrix in terms of its structure and its roles in the process of amplifi-
cation of antibiotic resistance. This matrix prevents the diffusion of antibiotics within
the desired community and can also prevent the penetration of wanted antibiotics by
rendering them useless. For example, the EPS layer reduces the ability of p-lactams
to penetrate, affecting cell wall synthesis. This makes it possible for the bacteria to
survive in biofilm [21]. Likewise, aminoglycosides that pass through porin channels
and diffuse across the cell membrane are substantially less effective because of low
mobility within the matrix against bacteria that develop biofilm [22]. The EPS layer is
not necessarily uniform in composition, charge, and size for different types of bacte-
ria and for the same type of bacteria. This is explicable in light of recent developments
in imaging and microscopic technology due to the heterogeneous nature of biofilms,
where some parts are less, and others are more resistant to treatment [23]. However,
some are connected to biofilms as factors such as p-lactamases that break down the
pB-lactam antibiotics, increasing antibiotic resistance [24].

3.2 Quorum sensing

Bacteria have a method to communicate within an environment. This method
is known as quorum sensing (QS). Communication is possible through the release
of tiny molecules. This communication mechanism depends on the expression,
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regulation, and increase of antibiotic resistance. Both Gram-negative and positive
bacteria have specialized molecules that enable them to communicate. Gram-negative
QS systems depend on AHLs, and Gram-positive have peptide-based signals. These
enable bacteria to form biofilms for regulating genes involved in pathogenicity, EPS
synthesis, stress response, and synchronization. QS alters the rigidity of bacterial
structures and controls its behavior, enhancing antibiotic resistance. Antibiotic resis-
tance of Pseudomonas aeruginosa is higher toward Ciprofloxacin because QS systems
enable it to activate the virulence factors and biofilm formation by using Las and Rhl
systems for signaling [25]. QS also regulates the formation of efflux pumps besides
matrix formation. These pump the antibiotics out of the cell, therefore increasing
antibiotic resistance. It is important to alter quorum sensing to make commercially
available antibiotics effective against bacteria and to limit antibiotic resistance [26].

3.3 Strategies of adaptive resistance

Through adaptive mechanisms, bacteria can overcome antibiotic stress, especially
in biofilm. The distinct environment of biofilm facilitates the adaptive mechanism.
These strategies that enable bacteria to go in such harsh environments include changes
in the physiological environment, genetic changes as well as phenotypic changes.

3.3.1 Genetic mechanisms

Some of the genetic processes by which biofilm bacteria acquire adaptive resis-
tance are now known from experimental investigations. One such strategy is the
Horizontal Gene Transfer (HGT), or genetic modifications of overexpression of
resistance genes, to give microbes a new set of functions. We can also notice that
bacteria in a biofilm can be genetically different. Genetic mutants within certain
subpopulations can contain antibiotic-resistance genes. These mutations can occur
in antibiotic-degrading enzyme genes or antibiotic target genes of DNA gyrase or
penicillin-binding protein [27]. Furthermore, the biofilms favor the exchange of
genetic material among bacteria and thus the rate of emergence of resistance. In this
mechanism, horizontal gene transfer, particularly conjugation, plays a significant
role. Biofilm matrices enhance the transfer of the resistance plasmid and other
genes because cells are in close contact. For example, plasmids with ESBL genes in
Escherichia coli can be dispersed using biofilms, causing multi-drug resistance [28].

3.3.2 Physiological modifications

Besides, bacteria residing in biofilms display certain metabolic changes that will
help them become antibiotic-resistant. Downregulation of metabolic activity, slow
division, and nutrient restriction in the biofilm mode of growth are often cited causes
for reduced antibiotic susceptibility [29]. It turns out that fluoroquinolones and
p-lactams primarily target only actively dividing bacteria. These are less effective
in biofilms because many cells are in a slow-growing phase or quiescent, aiding the
biofilm population. Susceptibility is frequently the result of low metabolic activity,
decreased cell division, and nutrition limitations in the biofilm environment [29]. The
fluoroquinolones and p-lactams target the actively growing bacteria. As many cells are
slowly growing and dormant, these drugs are less effective in biofilms. This helps the
biofilm population to thrive even in the presence of antibiotics.
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3.3.3 Mechanisms of stress response

Biofilm bacteria that form in difficult operating environments, including an
environment containing antibiotics, activate stress response signal transduction
pathways. Such processes may include lowered growth, metabolic variations, or
the switching on of protective enzymes. The SOS response is one of the pathways, a
deeply conservative bacterial response to DNA damage that leads to a higher probabil-
ity of obtaining antibiotic resistance genes and a higher mutation rate [30].

3.3.4 Persister cells: Leading figure in biofilm vesistance

It is important to understand that bacterial cells entering a dormant stage, a
metabolically inactive state, are called persister cells. They are one of the toughest to
handle from the aspect of being treatable with drugs. Such cells can be found most
often in biofilms; they can also be found in the planktonic cultures. Antibiotics that
act on bacteria that require an active metabolic state or bacterial cell division pres-
ent a problem because persisters are not replicating or metabolizing. Stress response
pathways, which include toxin-antitoxin systems that control cell growth and survival
in unfavorable conditions, are involved in controlling the synthesis of persister cells
[31]. Accumulation of toxins produced by certain bacterial species may enhance the
formation of persister cells in biofilms. For instance, Pseudomonas aeruginosa forms a
subpopulation of persisters more vesistant to antimicrobial agents, hence the persistent
biofilm-associated infections. These cells are very stubborn; thus, biofilms can regrow
once the antibiotics are stopped, hence recurrent infections. In conclusion, recent
research has shown that if the process of persister cell formation is controlled, this
could lead to a fresh combating strategy to avoid infections connected to biofilms [32].

3.4 Horizontal gene transfer (HGT)

Recent studies have shown a connection between horizontal gene transfer and
biofilm formation. During biofilm, conjugation is enhanced. Through this, the bacte-
ria in biofilm are more resistant to antibiotics, and horizontal gene transfer helps the
bacteria gain antibiotic-resistant genes from the surroundings. Three main transfer
mechanisms, namely transduction, transformation, and conjugation, are involved
[33]. During biofilm, the main process of transfer is via conjugation. The features of
overlapping and the compact arrangement of bacterial cells in biofilms foster genetic
exchange efficiently [34]. The mobile genetic elements that facilitate the exchange of
antibiotic-resistance genes in biofilms include plasmids, transposons, and integrons,
which may harbor multiple resistance genes [35]. Likewise, bacteria residing in bio-
films are likely to develop resistance against many classes of antibiotics by horizontal
gene transfer between species or strains [36]. Biofilm environments also contribute
to the selection of antibiotic-resistant strains because, in microbial communities
containing both susceptible and resistant strains, resistance is rapidly selected by the
powerful adherence forces exerted by biofilms.

4. Chronic infections and the role of biofilms

Biofilms are also involved in acquiring chronic and recurrent infections [37]. These
microbial communities are protected and maintained in a suitable environment and
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favorable circumstances, surrounded by an EPS matrix produced by the microbes.
Pathogens often colonize host tissues or medical devices, leading to persistent infec-
tions [38]. This biofilm allows microorganisms to remain protected from immune
responses and antimicrobial intervention. This persistence is due to the EPS matrix
shielding immune recognition and antibiotic penetration [39]. Furthermore, when
bacteria develop biofilms, they become dormant or slow-growing, and this also plays
arole in their resistance to antimicrobial agents, which target actively proliferative
cells. For instance, in pulmonary infections due to cystic fibrosis, biofilms allow a
chronic infection with Pseudomonas aeruginosa to adhere to the surfactant layer of the
lung. The situation worsens because these biofilms secrete toxins and inflammatory
mediators, leading to lung disease [40].

4.1 Recurrent infections

Biofilms are difficult to eradicate since they contain persister cells, dormant forms
of bacteria that exist after antibiotic use. They reside inside the biofilm structure, and
on the withdrawal of antibiotics or any weakening of the immune system, they can
wake up and grow back to give a relapse [41]. A good example of biofilm-mediated
infection is recurrent urinary tract infections (UTIs). Uropathogenic Escherichia coli
(UPEC) attaches to the bladder epithelium, forming biofilms that create reservoirs
protected from antibiotics and host defenses [42]. However, these reservoirs can rein-
fect new cycles after removing stresses like antibiotics and host immune responses,
particularly in patients with underlying diseases such as diabetes or anatomic
deviations.

Recurrent infection with biofilms is also commonly related to chronic sinusitis.
The bacteria Haemophilus influenzae and Staphylococcus aureus cause biofilm forma-
tion in the nasal mucosa, thus causing chronic inflammation and recurrent symptoms
despite the treatment. The ability of biofilm to exist for long periods is attributed to
its ability to withstand mucociliary clearance and antimicrobial agents [43]. CF isa
disease resulting from a cystic fibrosis transmembrane conductance regulator (CFTR)
gene mutation, leading to thick mucus in the respiratory and digestive systems. Due
to biofilm formation in the thick mucus in the lungs, chronic and relapsing infections
occur. Biofilm-forming bacteria are highly susceptible to colonization of the respira-
tory tract in CF patients [44]. The thick mucus provides the microbes with nutrients
they can attach to and multiply. Bacteria that adhere to the mucus grow in biofilms,

a shield from the host’s immune system and other antimicrobial substances. Biofilms
release extracellular polymeric substances (EPS) that create a physical barrier against
the entry of antibiotics and shield bacteria from immune cells [45]. This invari-

ably leads to worsening, poorer lung functioning, and enhanced mortality rates. P
aeruginosa biofilms are relatively hard to eliminate and are linked to the deterioration
of lung function over time [46]. Moreover, CF patients also have biofilms of other
pathogens, such as S. aureus and H. influenzae, which makes the problem worse and
results in chronic infections.

Bacterial colonization is also a common characteristic of chronic wounds such as
diabetic foot ulcers [47], venous leg ulcers [48], and pressure ulcers [49] due to the
presence of biofilm. Biofilms are significant in the context of the inhibition of wound
healing [48]. Biofilm formation especially prevails in chronic wounds since the micro-
environment where biofilms are produced is highly suitable [50]. Moreover, bacterial
colonization and formation of biofilms are further enhanced by factors such as moist
conditions, necrotic tissue, and decreased blood circulation. As biofilms develop, they
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change the local inflammatory pattern, interfere with the healing of the tissues, and
create conditions favorable for repeated infections. Bacteria can also form biofilm,
and it can adhere to tissue base, dead tissue, and wound secretion to form a vast and
long-lasting microbial conglomerate [50].

4.2 Role of host factors in chronicity and recurrence of biofilm infections

The duration and frequency of biofilm-associated infections have also been estab-
lished to be host factors. Exopolysaccharide matrix hinders phagocytosis and cytokine
signaling so microbial communities can survive in a secure niche; immune evasion
is essential [51]. While inflammation is intended to eradicate infection, it can also
destroy tissue and lead to biofilm persistence with external conditions. Host-related
risks such as immune suppression, diabetes, or using indwelling medical devices also
increase the risk of chronic and recurrent infections [52]. For instance, the biofilm on
the catheter surface is the site of infection that leads to repeated bacterial colonization
in the case of CAUTIs.

4.3 Challenges

Bacterial localization in a biofilm makes it hard to diagnose because of its struc-
tural and functional properties and the current diagnostic tools. Biofilm infections
are challenging to diagnose because they cannot be detected by the immune system
or standard microbiological assays [53]. The protective matrix produced by EPS also
shields the bacteria and makes them less available for diagnostic procedures [54].
When in biofilm, bacteria have a different behavior; they are dormant, while the
planktonic bacteria are free-floating and metabolically active. Traditional diagnostic
methods like culture-based depend on the growth of microorganisms for identifica-
tion [55] and cannot identify these metabolically dormant bacteria. Furthermore,
biofilms are considered to have high-density structures. A bacterium in polymicrobial
biofilms can be in various physiological statuses or in contact with other microorgan-
isms, including fungi, in the same biofilm [58]. The diversity of the biofilm poses a
challenge to the identification process since such diagnostic methods may not be able
to identify the whole spectrum of microbial activity or even the microbial population
density of the biofilm [56].

Biofilm-related infections are challenging to manage because biofilm bacteria are
highly resistant to antibiotics than planktonic (free-living) bacteria. Due to biofilms’
structural, metabolic, and genetic characteristics, this resistance is a multifactorial
phenomenon. The EPS matrix, which is the outer layer of the biofilm, acts as a physical
barrier that does not allow the antibiotics to penetrate the deeper layers of the biofilm.
The matrix is gel-like and dense, hindering the diffusion of antibiotics, particularly big
molecules [57]. For instance, aminoglycosides and beta-lactams are often entrapped or
delivered slowly into the matrix, reducing their access to bacteria in deeper layers [58].
Furthermore, the EPS matrix can also adsorb with antibiotics, making them ineffective
before interacting with the target cells. For instance, the negatively charged parts of
the EPS, eDNA, or specific polysaccharides bind positively charged antibiotics, such
as aminoglycosides [59]. This binding effect leads to a concentration gradient in which
sublethal concentrations in the deeper zones can help bacteria survive.

Another characteristic is the metabolic heterogeneity of bacterial cells within the
biofilm. Cells at the surface of the biofilm are in contact with nutrients and oxygen
and are metabolically active. In contrast, the deeper cells are starved of nutrients [60]
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and become nonmetabolically active or even enter a dormant state. The metabolic
stratification has profound significance for antibiotic resistance. Most antibiotics,
including beta-lactams and fluoroquinolones, work on some cellular functions such as
cell wall synthesis, protein synthesis, or DNA replication. These antibiotics’ imple-
mentation methods are constrained because these cells are less metabolically active
and thus less vulnerable to these antibiotics in biofilms where they are stationary or
slow dividing within the matrix. Steady-state hypoxia is often observed in biofilms
developed on mucosal tissues or the surface of medical implants [61]. When exposed
to hypoxic conditions, the bacteria change their metabolic activity to glycolysis
fermentation or nitrate reduction [62]. This metabolic switch changes bacterial
phenotype and is a factor that contributes to resistance. The developing alterations
under anaerobic growth led to the decreased absorption of some antibiotics requiring
an electron transport chain, such as the aminoglycoside antibiotics.

4.4 Limited treatment options

Biofilm-related infections are challenging in clinical medicine because they are
recurrent and resistant to traditional antimicrobial agents. The existing antibiotic
therapies cannot remove biofilms completely, leading to chronic and recurring infec-
tions, which are dangerous to patients and a significant cost to the healthcare system.
Due to the properties of biofilm bacteria, such as limited penetration and metabolic
activity, antibiotics cannot reach bactericidal concentrations across the biofilm [63].
Not only can bacteria survive this sublethal exposure, but this exposure will also favor
the emergence of antibiotic-resistant mutants. Antibiotics target fundamental bacte-
rial functions, including synthesizing proteins and cell walls or replicating DNA [64].
Nonetheless, these antibiotics are ineffective in biofilms because bacteria within them
are embedded in a layer of extracellular polymeric substances and metabolically dis-
tinct. In addition, quorum sensing systems control the formation and establishment
of biofilms. However, current antibiotics cannot act on quorum-sensing pathways
important for biofilm stability and synchronization, as shown in Figure 2 [65].
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Biofilm-mediated antibiotic resistance mechanisms [65].
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5. Defensive strategies against biofilm-associated resistance

5.1 Novel approaches to preventing and treating biofilm infections

Recently, many advanced and novel methods are being analyzed to fight and
remove the biofilms affecting different natural vicinities. These methods that are
being focused on and effective for biofilm studies include the disruption of quorum
sensing, certain natural substances, antimicrobial sonodynamic or photodynamic
therapies, nanotechnology-based techniques, and enzymatic degradation. These
approaches have shown promising results by targeting the physiological structure and
functioning of biofilm and disturbing the single-cell bacterial populations in biofilm,
proving the older method of antibiotic treatment to be efficient and still effective.

5.2 Enzymatic breakdown of biofilms

In enzymatic treatments, the mature biofilms normally divide into smaller frag-
ments by the action of specific enzymes, which help their easy degradation. This
treatment is not only safe to handle. Still, it is also applicable to different conditions
and is nontoxic in nature, so it can be effectively implemented for various medical
illnesses at hospitals [1]. Enzymatic biodegradation is an effective tool for biofilm
removal that cannot be easily removed by using conventional cleaning methods. The
areas that are difficult to deal with in medical cases, such as biomedical devices and
medical implants, are useful for breaking the biofilm in Table 1 [66]. The biofilm’s
cellular components, such as proteins, lipids, and carbohydrates, which provide
the potential to the biofilm structure, are acted upon by various enzymes, such as
lipases, amylases, and proteases, during the enzyme degradation strategy. Using the
standard cleaning technique by cells, the waste is usually removed from the cells after
enzymatic action. For instance, the lysozyme enzyme is responsible for unwinding

Aspect

Description

Clinical implications

Biofilm structure

Biofilms consist of a bacterial
community encased in a self-
produced matrix of EPS containing
polysaccharides, proteins, and eDNA.

Biofilms reduce the efficacy of antibiot-
ics and immune responses, leading to
persistent infections.

Resistance
enhancement

Tight biofilm-dense structure limits
antibiotic penetration and increases
bacterial survival.

Increases resistance up to 1000 times
compared to planktonic (free-floating)
bacteria.

Biofilms are difficult to treat with
conventional antibiotics.

Role of Quorum

Bacteria in biofilms communicate

Increases biofilm stability, virulence fac-

Sensing (QS) through QS, which regulates gene tor production, and antibiotic resistance.
expression for b10.f11m formation, stress « Targeting QS could enhance antibiotic
response, and resistance. .
effectiveness.
Adaptation Biofilms allow bacteria to adapt * Genetic mutations, metabolic changes,
mechanisms through genetic, physiological, and and stress response pathways enable
stress responses. bacteria to survive harsh conditions like
antibiotics.
Table 1.

Biofilm formation and its role in chronic infections [66].
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the components of bacterial cell walls, thus releasing the biofilm layer. By breaking
the peptidoglycan layer of the bacterial cell wall, the bacterial cells become much
more at risk of being targeted by the respective immune system and antibiotics [67].
Moreover, one of the enzymes, Dispersion B, known for its biodegradable nature,
targets the cell by making the Extrapolysaccharides soluble and easier to eradicate.
The various factors on which the action of enzymes depends are the biofilm’s com-
position and nature, the prevailing surrounding environment, and the biofilm and
enzymatic types utilized [68]. Furthermore, one more important enzyme responsible
for degrading is DNAse, which degrades the bacterial DNA in biofilm and helps
efficiently remove DNA components [69].

5.3 Advanced strategies utilizing nanotechnology

Nanotechnology-based strategies offer substantially promising avenues in address-
ing biofilm-based infections. In this approach, biofilms are usually degraded using
components such as specified nanoparticles that can have a powerful impact on
biofilm eradication. This emerging strategy works by focusing on the nanoparticle’s
actions to treat and stop the biofilm formation [70]. Nanomaterials have also been
studied to detect biofilm formation at the initial stage and diagnose and identify
various biofilm-related infections and illnesses. For example, a more rapid and easy
diagnosis is made by binding bacterial cells with real-time signals with nanomaterial-
based biosensors. Different factors such as infection dissemination, bacterial cell
attachments with the surface, and biofilm formation and maturation can be stopped
by coating nanomaterials with certain medical devices to make them functional
properly against bacterial cells. A thin layer of nano-sized particles is being applied
on various coatings to make it more antimicrobial and protective against the biofilm
consisting of mature cells. These nanoparticles form a strong barrier that stops the
bacterial cell from penetrating the medical devices by highlighting their power to
remove and degrade the biofilm components [71]. They are also preferred to be used
in the drug delivery process to treat and stop the infections related to biofilm to com-
bat the other side effects of older methods of antibiotics, such as allergic reactions,
organ toxicity, and gastrointestinal or stomach-related issues in the body [72]. Several
metals are associated with their action in biofilm destabilization and degradation.
Certain key mechanisms are related to these nanoparticle methods for their anti-
biofilm effects, such as disturbance of outer polysaccharides having various compo-
nents, attachment of biofilm, penetration of cell wall and membrane, and disruption
of quorum sensing. By studying these aspects, the nanoparticles have potential
anti-biofilm progress against a wide range of pathogenic and disease-causing bacterial
species. For instance, the catheters coated with the Ag particles help stop the Gram-
positive bacteria antibiotic-resistant settlement, such as Staphylococcus. aureus and S.
epidermis. But, it is more effective against gram-negative bacteria such as E. coli and
Pseudomonas aeruginosa. Similarly, Cu metal has also been found to effectively target
the fungal cells while grouping by impacting and blocking the quorum sensing [73].

5.4 Natural compounds

Natural compounds, including plant extracts, essential oils, and substances derived
from marine sources, have demonstrated considerable potential in preventing biofilm
formation. Due to their lower likelihood of side effects and natural origin than syn-
thetic drugs, these compounds are emerging as promising anti-biofilm agents [74].
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Plant-based compounds such as eucalyptus (Eucalyptus globulus), garlic (Allium
sativum), oregano (Oreganum vulgare), and grape (Vitis vinifera) possess antimicrobial
activity against a variety of pathogens, including drug-resistant strains. Their antibacte-
rial effects result from mechanisms such as interfering with metabolic processes, dis-
rupting bacterial membranes and walls, and inhibiting protein synthesis. These natural
compounds also present a more environmentally friendly, cost-effective, and sustain-
able alternative to synthetic antimicrobials. Additionally, their ability to selectively
target specific bacteria enhances the precision of anti-biofilm treatments, making them
effective against a broad spectrum of bacterial strains [75]. Thymol, a natural com-
pound derived from Thymus vulgaris, has proven effective against antibiotic-resistant
bacteria such as Escherichia coli and Staphylococcus aureus. It achieves this by inhibiting
survival and growth by disrupting bacterial cell walls and preventing biofilm formation.
Plant-derived terpenoids, known for their antibacterial properties, are potential sources
for developing new antibiotics. These compounds exhibit strong antioxidant effects that
damage bacterial cell walls, interfere with quorum sensing and biofilm formation, and
inhibit bacterial replication, thereby curbing infection spread. Similarly, polyphenols
from Vitis vinifera are effective against infections caused by antibiotic-resistant bacteria.
They exhibit potential anti-biofilm activity and possess anti-inflammatory and anti-
oxidant properties that may be beneficial for treating various health conditions [76].
Quercetin, a flavonoid with antibacterial activity, is effective against Gram-negative
and Gram-positive bacteria, including resistant strains. It functions as an antioxidant,
disrupts bacterial membranes, and inhibits bacterial growth and reproduction while
preventing the formation of biofilms that protect bacteria under harsh conditions.
Curcumin, a polyphenolic compound obtained from the rhizome of Curcuma longa,
exhibits broad-spectrum antimicrobial activity. Its anti-inflammatory properties

help reduce infection risks, especially in individuals with chronic inflammation.
Additionally, curcumin exhibits biofilm formation, making it a promising candidate for
combating infections caused by antibiotic-resistant bacteria [77].

5.5 Quorum-sensing inhibition

The inhibition of quorum sensing is a new strategy adopted to curtail the forma-
tion of biofilms. This method interferes with bacterial communication, which hinders
the formation of biofilms. Quorum-sensing molecules are chemical signals released
by the biofilm-forming organisms that are essential for coordinating behavior within
bacterial communities. These chemicals signal the start of biofilm development
when a specific bacterial threshold is achieved. Quorum-sensing inhibitors serve by
averting the synthesis of auto-inducer molecules, which is vital for bacterial com-
munication. Bacteria cannot form biofilms when the synthesis of these molecules is
inhibited, hence stopping the spread of diseases. Additionally, by reducing bacterial
contamination in the environment, these inhibitors can aid in preventing infec-
tions. Quorum-sensing inhibitors are, therefore, significant tools for controlling and
treating bacterial diseases. Moreover, quorum-sensing inhibitors have demonstrated
efficacy in reducing antibiotic resistance in bacterial strains, providing a viable
strategy to fight infections caused by multidrug-resistant bacteria. Notably, quorum-
sensing inhibition is nontoxic and environmentally safe, making it a desirable substi-
tute for traditional therapeutic approaches. Various quorum-sensing inhibitors have
been created, including phages and small compounds to fight bacterial infections. For
example, the small chemical acyldepsipeptide (ADEP) has demonstrated potential
as a strong inhibitor for bacterial infections by recently being found to be effective in
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blocking quorum-sensing in multidrug-resistant Acinetobacter baumannii as shown in
Figure 3 [78]. ADEP inhibits the virulence factors that cause infection by interfering
with bacterial communication. Incredibly, ADEP is harmless to mammalian cells,
making it a promising option for new treatments for biofilm infections. Numerous
other small peptide molecules, such as furanone, AHL, 2-heptyl-4-hydroxyquinoline
sulfonamide (HQSA), and N-(3-(4-fluorophenyl)-2-propynyl)-4-quinolone, are
being studied as possible anti-biofilm agents as they exhibit the ability to inhibit

the production of quorum-sensing molecules in a variety of bacterial species [79].

A subclass of bacteriophages known as quorum-sensing inhibitor phages works by
interfering with the quorum-sensing systems of bacteria. These phages impede the
synthesis of quorum-sensing signals, which are essential for bacterial communication
and the formation of biofilm. Notably, this approach is more persistent than previous
anti-biofilm therapies since phages are less likely to acquire resistance.

5.6 Antimicrobial photodynamic/sonodynamic therapy

Antimicrobial photodynamic therapy (aPDT) and antimicrobial sonodynamic
therapy (aSDT) are innovative approaches for combating biofilms, utilizing sound
waves and light to eliminate bacteria and inhibit biofilm formation. In aPDT, light-sen-
sitive compounds known as photosensitizers are activated by specific wavelengths of
light, generating reactive oxygen species (ROS) that destroy bacterial cells. Conversely,
aSDT uses ultrasound waves to create vibrations in bacterial cell walls, ultimately
causing cell death. These therapies are considered safe and have diverse applications
in medical settings, particularly in managing biofilm-associated infections. aPDT is a
non-invasive method well-suited for treating infections in hard-to-reach areas, while
aSDT, being minimally invasive, is effective for addressing infections located in deeper
tissues [80]. Both treatments demonstrate effectiveness against antibiotic-resistant

Quorum sensing
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Quorum sensing
I inhibition
+ o + ()u(‘)‘rum
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Inhibiton of bacterial virulence Reducing bacterial drug resistance
Figure 3.

Quorum-sensing inhibition [78].
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bacteria due to their unique mechanism of action. The reactive oxygen species (ROS)
generated by aPDT are toxic to biofilm-forming bacteria. However, prolonged expo-
sure to light may lead to bacterial resistance, necessitating regular monitoring and
periodic treatments every few months to maintain its effectiveness. Combating aPDT
with lipid-coated nanoparticles containing peptide nucleic acid (PNA) has emerged
as a promising approach for managing biofilm-associated infections. This method
effectively combats biofilm-related infections by utilizing gene-specific PNAs to target
pathogens. The purine and pyrimidine components in PNAs enable them to bind with
DNA and RNA, expanding their applications in biological research. Antimicrobial
sonodynamic therapy (aSDT) is a valuable complement to biofilm treatments.
Ultrasound waves can disrupt the structural integrity of biofilms, enhancing the
efficacy of antimicrobial photodynamic therapy (aPDT) by activating photosensitiz-
ers. Additionally, ultrasound can be paired with antibiotics to improve their penetra-
tion into biofilm matrices, increasing their effectiveness. The mechanism by which
ultrasound disrupts biofilms involves breaking hydrogen bonds between biofilm cells,
thereby boosting the efficiency of other anti-biofilm methods and promoting bacte-
rial cell destruction [81]. Combating aPDT and aSDT leverages the strengths of both
therapies to provide a more comprehensive treatment strategy. While aPDT is particu-
larly effective at eradicating bacteria, aSDT excels at reducing the size and density of
biofilms. The synergistic use of these therapies maximizes their potential, offering a
more effective solution for managing biofilm-associated infections [82].

5.7 Combination anti-biofilm therapies

Combination therapies, an integration of multiple treatments against the diseases,
help researchers to attack multiple pathways simultaneously, enabling a more thor-
ough approach to treating different infectious diseases [83]. These treatments have
more significance than individual treatments, as they are frequently less harmful
and more cost-effective, making them a desirable choice for infection prevention.
Combination therapies can be used to reduce the alarming issue of antibiotic resis-
tance by customizing their levels. It has been observed that combining antibiotics
with other agents, such as probiotics and surfactants, reduced biofilm production
levels. Antibiotics work by limiting the growth of bacteria, while surfactants and
probiotics aid in disrupting the biofilms. Due to their ability to target multiple aspects
of biofilms, they are effective in treating different chronic infections. Some examples
of effective combination therapies are demonstrated in Table 2 [84].

Sr.No. Combination therapies Effect References

1 Combining ambroxol with vancomycin Enhanced effectiveness of vancomycin [84]
against Staphylococcus epidermidis biofilms

2 Quorum-sensing inhibitors with Lull the bacteria and disrupt their [85]
bacteriocins communication simultaneously
3 Combining RNAIII inhibiting peptide Effective in treating Staphylococcus aureus [86]

(RIP) FSio with the antibiotic tigecycline ~ wound infections in mice

4 Combining antimicrobial peptide, Effective against Pseudomonas aeruginosa [87]
GioKHc, antibiotic tobramycin

Table 2.
Effective combination anti-biofilm therapies.
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6. Conclusion

Advanced nanomaterial-based solutions offer a promising and innovative
approach to tackling biofilms and other persistent substances. The unique properties
of nanomaterials have revolutionized numerous fields, including medicine. These
materials can be engineered to mimic the size and structure of bacterial internal
components and proteins. In chronic wound infections, effectively eliminating
biofilms and managing infections are crucial steps for promoting improved wound
healing. To achieve improved therapeutic outcomes, focusing on targeting specific
stages of the biofilm life cycle is essential. For persistent wound infections associated
with biofilms, one strategy involves disrupting the initial attachment of microorgan-
isms to the wound site. This can be achieved by inhibiting their interaction with the
wound surface, such as cell surface-associated adhesions and polymeric extracellular
substances (EPS), including proteins and appendages. The early stages of biofilm
production can be prevented by targeting cell and EPS production. Established
biofilms can be disrupted through various strategies such as breaking down the EPS,
interfering with microbial interactions, physically removing the biofilms, eradicating
dominant cells, or altering the pathogenic environment (e.g., addressing hypoxia or
reducing pH). Bacteriophages, viruses specifically engineered to target bacteria by
recognizing bacterial cell surface receptors, are emerging as a promising alternative in
the fight against antimicrobial resistance.
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Chapter 4

pH Homeostasis during
Dual-Species Biofilm Formation by
Bacillus subtilis and Escherichia coli
Strains

Ivo Ganchev

Abstract

In a large part of ecological niches, bacterial species are united in communities and
develop together in the form of heterogeneous structures called biofilms, which are
formed on different surfaces by the participation of one or more species as a result of
their interaction. The main objective of the present work is to study the effects of pH-
value in the culture medium on the biofilm development and architecture of biofilms
of the bacterium (B. subtilis) during their interactions with Escherichia coli K-121655
strain. Effects of pH-value in the culture medium on bacterial biofilm formation
and the mechanisms were analyzed by the crystal violet staining method combined
with cultivated microbial analysis, and confocal laser scanning microscopy. In the
presence of phosphate at pH-value of pH 6,0, the bacterial growth rates of single-
species biofilms of Bacillus subtilis strains and biofilms as result of their interaction
with Escherichia coli strains were similar and determines the mutualism between two
strains in the structure of biofilms, formed by the participation of B. subtilis 170 and
E. coli K-121655, B. subtilis 168 and E. coli K-121655 strains. Considering that static
growth in a biofilm is a highly relevant growing state for many soil bacteria, more
research on phosphate acquisition and pH homeostasis by model soil bacteria in
static cultures is required to draw a more comprehensive picture of the role of biofilm
production in phosphate use efficiency and pH homeostasis.

Keywords: pH homeostasis, confocal laser scanning microscopy, Bacillus subtilis,
multispecies biofilm, microbial relationships

1. Introduction

In a large part of ecological niches, bacterial species are united in communities
and develop together in the form of heterogeneous structures called biofilms, which
are formed on surfaces of different nature and nature with the participation and as
aresult of the interaction of two or more bacterial species [1, 2]. At the basis of their
formation and their resistance to the various effects of the external environment are
the relationships between microorganisms, which include competition for nutrients
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from the composition of the medium for cultivating biofilms, antagonism, and
symbiosis. The structure of biofilms and the composition of the microbial community
in them are determined by the fluctuation in the values of environmental factors [3].
Changes in the values of environmental factors affect the physiological state of the
cells in the structure of the forming biofilm. In the process of development, condi-
tions are created for contacts between bacterial cells and contacts of cells with the
surface on surfaces that are different in nature and morphology. Changes in environ-
mental conditions have an impact on the properties of the bacterial cell, expressed
in a change in the level of gene regulation for the implementation of the process of
biofilm formation or in the charge of the cell surface, as well as on the physicochemi-
cal characteristics of the substrate [4].

The growth and development of microbial biofilms is accompanied by the bio-
synthesis of exocellular polysaccharides, which ensure intercellular contacts in them
and their attachment to the surface of the substrate, protecting microbial cells from
the influence of adverse environmental factors—the formation and secretion of
surfactants produced by other microbial species, which stimulate the transition from
attached state to plankton, toxic compounds, and oxidative and acid stress [5]. The
formation of biofilms and the composition of the matrix forming them depend on the
characteristics of the growth medium and the bacterial surface; its course is affected
by the pH-value and temperature of the environment [6].

The pH-value of the environment affects the surface charge of the cells of the
microbial species and the substrate, and the interaction between them in the process
of biofilm formation is reversible and is based on the formation of hydrogen bonds
and vander-Waals interactions. At pH 7.0, the bacterial cell and the surface layer of
the substrate are distinguished by a different charge, which creates prerequisites
for the adhesion of microbial cells on the surface and the formation of biofilms [3].
Maximum cell adhesion of E. coli O157:H7 strains to biotic surfaces was observed at
a pH-value of the medium of pH 7.0, which was reduced when the pH decreased to
pH 5.5 [7]. The expression of the ycfR gene in the biofilm, encoding the formation of
the YcfR protein from the composition of the outer side of the cell wall, occurs when
the pH-value of the culture medium is changed from pH 8.0 to pH 5.5 [8]. It includes
in its structure the low molecular weight subunits YcfR, YahO, YbiJ, YbiM, YdgH,
YhcN, YjfN, YjfO, and YjfY [8], and its formation inhibits the process of development
of E. coli strains to biofilms as a result of the inhibition of intercellular contacts and
the contact of cells with the surface layer of the substrate [9], the increase in the level
of secreted indole in the intercellular space [5], and the reduction of cell hydropho-
bicity through the expression of other cell surface proteins such as lipoprotein OsmB
[10]. Deletion in the ycfR gene in E. coli strains is accompanied by the expression of
30 genes that encode the biosynthesis of proteins from the structure of the periplas-
mic space and the outer layer of the cell wall, which leads to a change in the character
of the bacterial cell surface [11] and the increase in the level of cell aggregation and
the biomass of the formed biofilms [9]. The course of these regulatory processes dur-
ing the formation of biofilms is also a result of the increase in the intracellular level of
acetyl-phosphate from the change in pH, as a result of which conditions are created
for the formation of type 1 pili and fringes, ensuring the adhesion of cells on the
surface layer of the substrate and their development to the formation of biofilms [12].

The regulation of acid stress in B. subtilis strains in the process of their development
into biofilms is carried out by extracytoplasmic c-factors, the increase in whose activity
creates conditions for increasing the resistance of their cells to the effects of antibiotic
agents of a protein nature and other agents inhibiting cell wall biosynthesis [13].

58



pH Homeostasis during Dual-Species Biofilm Formation by Bacillus subtilis and Escherichia coli...
DOI: http://dx.doi.org/10.5772/intechopen.1009887

Their structure contains the subunits SigO and RsoA [14], the formation of which is
initiated by the decrease in the acidity value of the medium [15], while the increase
in pH to pH 7.0 leads to the activation of 75iO gene responsible for the synthesis of
the anti-sigma factor RsiO [3]. RsiO binds to the N-terminal region of SigO and
thus inhibits the transcription of genes encoding the biosynthesis of alkaline stress
proteins [14]. Its activation is the result of the formation of the RSiO-SigO-RsoA
complex, which occurs under conditions of high acidity (pH 5.4) [13]. The forma-
tion of the o-factors 6™ and 6" during the development of B. subtilis strains on the
surface layer of substrates of different nature and structure, which is stimulated

by the decreasing pH value of the culture medium, leads to the activation of abh
gene responsible for the formation of the Abh regulatory protein, which positively
regulates the expression of eps and ygxM operons by reducing the level of repression
initiated by the regulator AbrB, carrying the information about the biosynthesis of
exocellular polysaccharides and TasA protein from the matrix structure of biofilms.
At the basis of this mechanism lie the processes of expression of slrR gene, encoding
the positive regulator for the transcription of yqxM operon, and activation of the eps
operon in the way of increasing the expression of slR gene for the transcriptional
regulator SIrR, positively controlled by Abh [16].

The biosynthesis of cytoplasmic -factors under conditions of high acidity is
accompanied by the production of antibiotic compounds of a protein nature by
strains of B. subtilis [17], and the regulation of its synthesis takes place with the
participation of the regulatory proteins AbrB, Abh, and Rok [18]. Acid stress leads
to an increase in the intracellular level of the phosphorylated form of the regulator
Spo0A, which specifically binds to the promoter region of abrB gene [19], encoding
the master regulator AbrB, which represses the formation of the antibacterial peptide
toxins SdpC and factors of cannibalism Skf [20]. Negative regulation on the activity
of the promoter regions of skfA and sdpA genes is also carried out by the regulator
Abh [21], which positively affects the synthesis of suplancin [22]. The operon for
its formation during the development of B. subtilis strains to biofilms is part of the
SPB prophage genome, including sunA, sunT, bdbA, yol], and bdbB genes [23, 24].
Suplancin, secreted by B. subtilis strains in the process of biofilm formation, is charac-
terized by an oligopeptide nature and includes in its structure f-methyllanthoid and
disulfide bonds [25], thanks to which it is distinguished by its antagonistic activity
against gram-positive bacterial species such as Bacillus cereus, Staphylococcus aureus,
and Streptococcus pyogenes [26]. The structural sunA gene encodes the biosynthesis of
the starting peptide containing 56 amino acid residues [24]. The transcription of the
adjacent sunT gene determines the activity of an ABC-type transport system, includ-
ing a domain with proteolytic activity, which catalyzes the hydrolysis of the peptide
structure of suplancin in the process of its transfer across the cytoplasmic membrane
[25]. The BdbB and BdbA domains possess a region with thiol oxidoreductase activ-
ity, thanks to which they take part in the posttranslational regulation of coplancin
synthesis by B. subtilis strains during their development into biofilms [26].

The expression of extracytoplasmic factors creates conditions when the pH of
the medium decreases to increase the activity of the regulatory protein Abh, which
positively affects the formation of suplancin by B. subtilis strains during their devel-
opment into biofilms [27]. The transcription of abh gene increases upon the activation
of 6% or 6™, which leads to an increase in the amount of the synthesized antibiotic
compound [28] and ensures the competitive advantage of B. subtilis strains in the
spatial structures formed on the surface layer of the substrate at their association
with other gram-positive and gram-negative bacterial species [28]. The basis of their
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antagonistic effect, determined by the synthesis of suplancin, is the increase in the
activity of sunA operon, which limits the repressive influence of the negative regula-
tor AbrB on the operon for the 6" factor [29]. The increase in its intracytoplasmic
level ensures the resistance of the antibiotics of B. subtilis strains in the process of
biofilm formation against the effect of their secreted suplancin [30], which inhibits
the spread of cells of S. epidermidis strains [28], E. coli [26], and S. aureus in the
structure of biofilms [28]. The induction of extracytoplasmic factors in B.subtilis
strains during the formation of biofilms, their role in the synthesis of the compound
with antimicrobial effect in their association with other microbial species is carried
out by different pathways and appears to be a mechanism by which they adapt to the
unfavorable factors of environment. Their clarification necessitates the need to look
for a relationship between the oxygen content and the formation of biofilms with the
participation of two or more bacterial species. This circumstance is complemented by
the peculiarities of the synthesis of the YcfR protein in E. coli strains, which is induced
by lowering the pH-value of the medium, increasing the temperature of cultivation of
vegetative cells and biofilms, the formation of H,O, as a result of the course of intra-
cellular oxidative processes or in the presence of heavy metal ions [30]. Most natural
biofilms are polymicrobial in composition, but the mechanism remains unclear about
how pH regulates polymicrobial biofilm development and the biofilm matrix compo-
nent and spores in their structures.

The main objective of the present work is to study the effects of pH-value in the
culture medium on the biofilm development and architecture of biofilms of the
bacterium (B. subtilis) during their interactions with Escherichia coli K-121655 strain.
Effects of pH-value in the culture medium on bacterial biofilm formation and the
mechanisms were analyzed by the crystal violet staining method combined with cul-
tivated microbial analysis, and confocal laser scanning microscopy. Taken together,
the results of this study demonstrate a close link between biofilm formation and phos-
phates acquisition in B. subtilis and E. coli strains, allowing a better comprehension of
how bacteria can cope with unfavorable pH-value under environmental conditions.

2. Material and methods
2.1 Experimental design

In the first part of this research, a dual-species model biofilm consisting of Bacillus
subtilis and Escherichia coli was developed. In order to obtain a strongly adherent
and mature model biofilm, different (incubation) conditions were altered, that is,
growth medium. The adherence of the biofilm at each of the different (incubation)
conditions was quantified by means of crystal violet staining and subsequent optical
density (OD) measurements. To determine the cell density/maturity of the biofilm,
viable plate counts were used. General and selective media were applied to determine
the total biofilm cell density and the contribution of each individual species to this
total cell density.

2.2 Bacterial strains and culture media

In this research, Bacillus subtilis and Escherichia coli, both acquired from
the BCCM/LMG bacteria collection of NBIMCC, NCIPD and the “Stephan
Angeloff ”Institute of Microbiology in Sofia, were used. Stock-cultures were stored

60



pH Homeostasis during Dual-Species Biofilm Formation by Bacillus subtilis and Escherichia coli...
DOI: http://dx.doi.org/10.5772/intechopen.1009887

at —80°C in Luria Bertani Broth (LB, NCIPD, Sofia), which were both supplemented
with 20 (v/v) % glycerol (NCIPD, Sofia). For every experiment, a purity plate was
prepared by spreading a loopful of stock-culture onto a LB agar plate [Plate Count
Agar (NCIPD, Sofia). The purity plates for Bacillus subtilis and Escherichia coli were
incubated for 24 h at 37°C.

Starting from the purity plates, pre-cultures were prepared by transferring one colony
into an Erlenmeyer flask containing 20 mL of LB medium (LB, NCIPD, Sofia). Bacillus
subtilis and Escherichia coli pre-cultures were incubated for 24 h at 37°C. Following this
incubation period, stationary phase cultures with a cell density of ~109 CFU/mL were
obtained.

2.3 Biofilm development conditions

The stationary phase pre-cultures were used to develop a 100-fold diluted inocu-
lum with a cell density of ~107 CFU/mL. The investigated pre-culture ratios (Bacillus
subtilis and Escherichia coli) were 1:1, and the growth media was Luria Bertani Broth
(NCIPD, Sofia), which proved to be the optimal media for single-species and multi-
species biofilm development by Bacillus subtilis and Escherichia coli, respectively.

To develop the biofilms, 1.2 mL of the inoculum was transferred to a small Petri
dish made out of polystyrene (50 mm diameter, 9 mm height, Simport, Canada).
After inoculation, Petri dishes were closed and gently shaken to make sure the inocu-
lum covered the entire surface. Dependent on the applied (incubation) conditions,
Petri dishes were incubated for 24 h at 20°C, which were the optimal temperatures for
Bacillus subtilis and Escherichia coli single-species and multispecies biofilm formation,
respectively.

2.4 Crystal violet assay

Bacterial biofilms were developed into 96-well microtiter plates (Greiner Bio-One,
Kremsmiinster, Austria) with 100 pL of bacteria in post-exponential growth phase in
VNSS per well. In parallel, 100 pL of cell-free culture supernatant of another strain
were collected in VNSS at the beginning of the stationary growth phase and were
added on the bacterial biofilms (the addition of VNSS alone was used as a control).
The final OD600 nm was 0.4 into each well. After 24 h of growth in static conditions
and a temperature of 20°C, samples were washed thrice with NaCl (36 g.1™") and
dried during 30 min at room temperature. Biofilms were stained during 15 min with
200 pL of Crystal Violet at 0.01% (w/v) and rinsed thrice with NaCl (36 g.l’l) and
dried for 10 min. The quantification of biofilm was evaluated by releasing the stain
from the biofilm with absolute ethanol for 10 min at 20°C, at 120 rpm and measuring
the absorbance of the Crystal Violet solution at 595 nm. The final OD595 nm of each
sample was divided by the blank (i.e., VNSS medium only treated with Cristal Violet).

2.5 Quantification of colonies

Each specimen was individually placed in a centrifuge tube containing 4.5 mL of
sterile physiological solution, and these tubes were vortexed for 1 min to detach the
biofilms from the acrylic samples. After this, aliquots of 25 pL of serial dilutions (107,
1072, 1073, and 10~*) were seeded in duplicate on Plate Count Agar (NCIPD, Sofia) and
MacCocey Agar (NCIPD, Sofia) for the identification of Bacillus subtilis and Escherichia
coli, respectively. Red and pink colonies grown on MacCocey Agar (NCIPD, Sofia) were
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presumptively identified as Escherichia coli. After incubation at 37°C for 24 h, the colony-
forming unit per milliliter (CFU/ml) was determined and log-transformed (log10).

2.6 Multispecies biofilm formation

For the dual-species biofilm, bacteria in post-exponential growth phase were
suspended in ASW and inoculated in 24 well plates (Corning Incorporated Costar®,
New York, NY, United States) to a final OD600 nm of 0.3 (0.15 per strain). For the
biofilms involving two bacterial strains, the final OD600 nm was 0.3 or 0.4 (0.1 per
strain). Controls included single species biofilms formed in the same concentrations
and conditions than the multispecies biofilm. To study the influence of the pH value of
the medium on biofilm growth, nutrient media were prepared with different ratios of
KH,PO, and K,HPO, so that the pH values were 5.0, 6.0, 7.0, and 8.0. For the purposes
of the task, 18-hour cultures of B. subtilis 170, B. subtilis 168, and E. coli k-121,655
strains were prepared in advance in a medium broth (BulBio Laboratory - Sofia). 50 pl
of the liquid cultures was inoculated into 5 cm3 liquid medium M63 (0.02 M KH,POy,,
0.04 M K,HPOy,, 0.02 M (NH,),SO4, 0.1 mM MgSO,, and 0.04 M glucose) (pH 7.0)
and M63 at different ratio of KH,PO, and K,HPOj so that the pH of the medium is
pH 5.0, pH 6.0, and pH 8.0. For each factor, the experiment was carried out in five test
tubes, in the first one only 50 pl of the liquid culture of B.subtilis 170 strain was seeded,
in the second - B.subtilis 168, in the third - E.coli K-12 1655, in the fourth tube inoculate
50 ul of the liquid culture of B.subtilis 170 strain and 50 pl of the liquid culture of E.coli
K-12 1655 strain, in the fifth place inoculate 50 pl of the liquid culture of B.subtilis 168
strain and 50 pl of the liquid culture culture of E.coli K-12 1655 strain. Fresh cultures
are distributed in 96-well plates. Each fresh culture was dispensed into 12 wells, placing
150 pl of the liquid fresh culture in each well. 150 pl of distilled water is dripped into the
final unseeded wells. The first plate is placed at a temperature of 20°C. The cultivation
of the biofilms on the plates was carried out for a duration of 24 h. After that, the plank-
ton was separated from each well and washed three times with saline (0.85% NaCl);
150 pl of saline was placed in half of the wells, and the biofilm was peeled off using a
knife previously burned and cooled in sterile saline of them, and for each variant of the
experiment, the suspension is collected from 6 wells in one Eppendorf.

2.7 Matrix components staining

For matrix staining, a static biofilm of 48 h was performed. Each biofilm was
stained with DAPI at 5 pg/mL (Sigma-Aldrich, Darmstadt, Germany) and one of
the following matrix dyes. Exopolysaccharides were stained with the Wheat Germ
Agglutinin (WGA) associated with the Alexa FluorTM 555 conjugate (Thermo Fisher
Scientific, Waltham, MA, United States) at 100 pg/mL to label N-acetyl-glucosamine.
After 30 min of incubation of each probe, each coverslip was washed 3 times in
PBS 1x. Finally, the coverslips were mounted with a drop of ProlongTM Diamond
Antifade before observation with confocal laser scanning microscopy Leica TCS SPE
at wavelength of 540 nm.

2.8 Data extraction from images and statistics

At least three replicates and five pictures per replicate were performed and used
for data extraction. The pictures have been acquired by epifluorescence microscopy
or by CLSM. The percentages of recovery of epifluorescence microscopy were
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determined using an algorithmic method with RStudio 0.98.1025 (RStudio, Boston,
MA, United States), where the brightness pixel was determined by threshold’s
definition of small area of picture around the pixel and against the background. Each
picture has been divided in 36 pieces, which permitted empirically to render the
distortion of objective negligible, and the threshold was defined as two multiplied
by percentile 5th of pixel values on a small area in which the pixel was measured
(Supplementary Figure S2). The biovolume, the average thickness, and the evaluation
of the maximum coverage in the CLSM pictures were determined with the COMSTAT
software developed in MATLAB R2015a (MathWorks, Natick, MA, United States) as
previously performed [31].

To test for statistically significant differences (P < 0.05) between two conditions,
a t-test was performed, and between different time points, a two-way analysis of
variance including the Bonferroni post-test was performed using SPSS 13.0 (IBM,
Armonk, NY, United States).

3. Results and discussion

The increase in the pH value of the medium between pH 5.0 and pH 6.0 in the
conducted study did not create the conditions for a statically significant increase
in the optical density at 540 nm (p > 0.05) in the co-cultivation of B. subtilis and E.
coli strains. Increasing its value to pH 8.0 leads to a statistically significant decrease
in the biomass of mixed biofilms (p < 0.05). A maximum optical density value of
0.236 + 0.11 for the co-culture of B. subtilis 170 and E. coli K-121655 strains and
0.155 + 0.63 for the co-cultivation of B. subtilis 168 and E. coli K-121655 strains was
reached at pH value of the medium pH 6,0, which significantly (p < 0.05) exceeds
their indicators in monospecies biofilms of B. subtilis and E. coli strains (Figure1).

A number of extra cytoplasmic o-factors take part in the regulation mechanism of
the formation of biofilms by B. subtilis strains under conditions of changing pH-
value of the medium, which affect the activity of a number of gene regions encod-
ing resistance to the effects of antibiotic substances [24, 26], the low acidity of the
environment [8], and regulation of the biosynthesis of the extracellular polymers that
make up the matrix [16]. The increase in the activity of the om-factor in B. subtilis
168 strain is activated at low acidity of the medium [19, 21]. Its activation plays an
important role in the development of strains to form biofilms [24]. Deletion in the
o"-factor gene in B. subtilis 168 strain led to a decrease in biofilm biomass in the study
by Nagorska et al. [32]. These results confirm the role of the o-factor in the process of
biofilm formation at low acidity [24, 26], which can explain the exponential decrease
in the optical density value at 540 after crystal violet staining of the biofilms of B.
subtilis 170 and B. subtilis 168 strains and in the process of their association with E
.coli K-121655 strain when changing the pH-value of the culture medium in the range
from pH 6.0 to pH 8.0. The higher value of optical density of biofilms of B. subtilis
168 strain and in its association with E. coli K-121655 strain compared to B. subtilis
170 strain was associated with the different expression level of genes for 6- and anti-¢
factor in the process of their cultivation at pH 5.0-6.0.

The low pH value of the biofilm culture medium of pH 4.0-5.0 inhibits the process
of indole formation [6]; increasing its value to pH 9.0 induces the expression of tnaA
gene responsible for the biosynthesis of indole [6, 8], which reduced the biomass of
biofilms of E. coli BW25113 strains [24]. The optical density at 540 nm after staining
the biofilms of E. coli K-121655 strain was distinguished by a value of 0.215 + 0.09,
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Figure 1.

The Influence of pH-value in the culture medium on the biofilm growth: m B. subtilis 170; m B. subtilis 168; m E.
coli 1655; = B. subtilis 170+ E. coli 1655; 7 B. subtilis 168+ E. coli 1655. The growth of biofilms was carried out in
96-well plates for a time of 24 h at temperature of 20°C in a medium M63 with different pH-value. The optical
density was measured at 540 wm after staining of biofilms with 0,1% crystal violet solution. y = 0,0219.x°~
0,1428.X + 0,2994, * = 0,9253, p < 0,05 - B. subtilis 170. y = 0,0284.x°~0,1842.x + 0,3686, r* = 0,9408, p < 0,05 -

B. subtilis 168. y = 0,016.x*-0,1278.x + 0,329, ¥ = 0,9951, p < 0,05 - E. coli K-121655. y = —0,1041.%° + 0,3413.%-
0,001, 7° = 1, p < 0,05 - B. subtilis 170-E. coli K-121655. y = —0,0544.X” + 0,2009.X-0,0292, ¥* = 1, p < 0,05 - B.
subtilis 168-E. coli K-121655.

which significantly decreased to a level of 0.085, when the pH of the culture medium
was changed from pH 5.0 to pH 8.0 in the present study and confirms the results of a
study of Leo et al. [24]. The formation of indole by E. coli strains was initiated by the
presence of antibiotics in the medium [5], which in the present study appeared to be
the result of the development of B. subtilis strains. In other studies, the accumulation
of indole creates the conditions for inhibiting the process of biofilm formation by
inhibiting cell motility [24] and inhibiting chemotaxic movement [24-26].

The pH-value of the culture medium affected the nature of the relationships
between B. subtilis 170 and E. coli K-121655 and B. subtilis 168 and E. coli K-121655
strains in the process of their co-development into biofilms in the study conducted.
At pH 5.0, the microbial population of the mixed biofilm structure was dominated by
B. subtilis 170 strains with a number reached of 9.55 + 0.13.10° cfu/cm?, while for B.
subtilis 168 strain, the value was 6.38 + 0.29.10° cfu/cm® and statistically does not dif-
fer from their value in monospecies biofilms (p > 0.05). A similar regularity between
the number of colonies in the structure of monospecies and mixed biofilms was
found in E. coli K-121655 strain, whose population number was lower compared to B.
subtilis strains. The pH-value of the medium in the range of pH 5.0 to pH 6.0 ensures
the presence of cells of E. coli K-121655 strains in the population structure of biofilms
in their association with B. subtilis 170 and B. subtilis 168 strains, as their numbers
decreased from 3.16 + 0.12.10° cfu/cm® to 0.40 + 0.05.10° cfu/cm? in the structure
of mixed biofilms when co-cultivated with B. subtilis 170 strain, as well as from
5.21 + 0.22.10° cfu/cm® to 0.63 + 0.04.10° cfu/cm? in their interaction with B. subtilis
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168 strain. Their values are higher than their numbers in the structure of monospecies
biofilms of E. coli K-121655 strain (Tables 1 and 2).

The biosynthesis of surfactin by B. subtilis BS5 strain is favored by an increase in
the pH value of the culture medium in the range of pH 5.0 to pH 6.8 according to the
study of Abdel-Mawgoud et al. [33], which corresponds to the significant increase in
the number of colonies of B. subtilis 170 and B. subtilis 168 strains in their monospe-
cies culture and in their interaction with E. coli K-121655 strain during the formation
of biofilms in the present study. B. subtilis strains are distinguished by their antago-
nistic activity in their association with other microbial species in the rhizosphere
layer of different crops thanks to their ability to synthesize surface-active agents of a
lipoprotein nature that specifically inhibit cell motility and colonization of the cells
of the companion species on the surface of the substrate [19, 26, 27]. The ability to
secrete surfactants with anti-adhesion actions underlies the antagonistic activity of B.
subtilis strains against Pseudomonas syringae strains in the rhizosphere layer of tomato
plants [19].

At higher pH values of the culture medium above pH 6.0, conditions are cre-
ated for the occurrence of antagonistic relationships, as a result of which biofilms
are formed only with the participation of cells of B. subtilis strains. However, a
significant decrease in population numbers of B. subtilis 170 and B. subtilis 168
strains was reported, which was found to values of 1.48 + 0.07.10° cfu/cm® and
6.18 + 0.20.10° cfu/cm? at reaching the pH-value of the environment of pH 8.0, which
exceeds their value in monospecies biofilms, where a similar regularity is established

Ne pH Colony forming Colony forming units Colony forming units in dual-species
units in biofilms of B. in biofilms of E. coli biofilms, cfu/cm®
subtilis 170 cfu/cm?® K-121655, cfu/cm? B, subtilis 170 E. coli 1655
1. 5,0 9,05 + 0,18.10° 1,62 + 0,12.10° 9,55 + 0,13.10° 3,16 + 0,12.10°
2. 6,0 8,11 + 0,07.10° 0,26 + 0,03.10° 35,91 + 0,05.10° 0,40 + 0,05.10°
3. 7,0 0,56 + 0,07.10° 0 10,95 + 0,13.10° 0
4. 8,0 0,23 + 0,03.10° 0 6,18 + 0,20.10° 0
Table 1.

The impact of pH-value of the cultural medium on colony forming units of B. subtilis 170 and E. coli 1655 strains
in the structures of single-species and dual-species biofilms.

Ne pH Colony forming units Colony forming units Colony forming units in dual-species
in biofilms of in biofilms of E. coli biofilms, cfu/cm?

B. subtilis 168, cfu/cm® K-121655, cfu/cm? B. subtilis 168 E. coli K-121655
1. 5,0 8,08 + 0,20.10° 1,62 + 0,12.10° 6,38 + 0,29.10° 5,21 + 0,22.10°
2. 6,0 7,66 + 0,07.10° 0,26 + 0,03.10° 39,01  0,16.10° 0,63 + 0,04.10°
3. 7,0 0,36 + 0.05.10° 0 9,05 + 0,05.10° 0
4, 8,0 0,27 + 0,06.10° 0 1,48 + 0,07.10° 0

Table 2.

The impact of pH-value of the cultural medium on colony forming units of B. subtilis 168 and E. coli 1655 strains
in the structures of single-species and dual-species biofilms.
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in the investigated pH-interval. Media pH above 7.0 inhibits the formation and secre-
tion of surfactin in B. subtilis strain [33], which appears to be a signaling molecule
during its development in a surface-attached state [26] and contributes to the matura-
tion of the formed structures [2]. Inhibition of surfactin synthesis at pH in the range
of pH 7.0 to pH 8.0 explains the decrease in population numbers of B. subtilis 170 and
B. subtilis 168 strains in the structure of mixed biofilms in their interaction with E. coli
K-121655 strain in the present study.

Indole, formed by E. coli strains in its association with other bacterial species,
represses the formation of biofilms [24], which is determined by its binding to SdiA,
which is distinguished by the property of forming complexes with homoserine
lactones [8, 24]. The same lactone exerts a stimulating effect on the formation of bio-
films by Pseudomonas strains, which are characterized by oxygenase activity, allow-
ing the reduction of its concentration in the process of biofilm formation [24]. An
increase in the activity of SdiA is accompanied by a decrease in the transcription level
of ftsQ2p gene, responsible for the acid resistance of E. coli strains [24, 25], which
explains the lower number of their population in the structure of biofilms compared
to E. coli K-121655 strains, when changing the pH in the range of pH 5.0 to pH 6.0.

In acidic media (pH 5.0), B. subtilis and E. coli strains formed biofilms with
arough surface with an average thickness of 8.14 + 0.48 pm to 8.46 + 0.37 pm
at a roughness factor of 0, 04 + 0.03 to 0.03 + 0.01, which increased to a value
of 10.35 + 0.41 pm upon reaching the pH-value of the medium of pH 6.0 in the
co-cultivation of the pair of B. subtilis 170 and E. coli K-121655 strains, and the
inequality coefficient kept a relatively constant value (p < 0.05) (Figures 2 and
3). The average thickness of the structures formed as a result of the development
of the pair of B. subtilis 170 and E. coli K-121655 strains is characterized by a value
of 10.78 + 0.37 pm under the same cultivation conditions. In neutral and alkaline
media, the relative proportion of biofilm dispersion zones increases, which cor-
relates with a decrease in the diameter o the structures in the narrow range of
3.02 £ 0.23 pm and 3.01 + 0.05 pm in the pair of B. subtilis 170 and E. coli K-121655
strains, while in B. subtilis 168 and E. coli K-121655 strains, single structures with the
same size of the average thickness were found at the pH of the medium in the range
of pH 7.0 to pH 8.0 in the conducted survey. These results positively correlate with
optical density values at 570 nm after crystal violet staining and with the change in
population numbers of B. subtilis strains in the structure of mixed biofilms, which
changes inversely with the magnitude of the ratio of the area of the structures
formed to their volume during the conducted survey. It reached a minimum value of
0.09 + 0.006 pm?.um "> for the pair of B. subtilis 170 and E. coli K-121655 strains and
0.09 + 0.009 pm?.um"> for B. subtilis 168 and E. coli K-121655 strains at a pH of 6.0
of the biofilm culture medium, immediately after which an increase in its size was
observed as a result of the change in the pH value to pH 7.0, which remained at the
same level at pH 8,0 (Table 3).

An important feature in the formation of biofilms, involving cells of B. subtilis
strains, is the biosynthesis of the exocellular matrix [34], the formation of which
is encoded by epsA-O and tapA-sipW-tasA operons [7, 35]. Their transcription is
determined by the activity of the regulatory proteins AbrB and Abh, whose activity
is determined by the intracellular expression level of 6-factors [8], which increases
under conditions of alkaline stress [24]. The Abh regulatory protein positively affects
the biosynthesis of the biofilm matrix, and the activation of the transcription of the
abh gene encoding occurs as a result of the interaction of the o-factor with the RNA
polymerase to activate the transcription of abh gene [25]. The transcription of the
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pH 5.0 pH 6,0
pH 7,0 pH 8,0

Figure 2.

Microscope study of biofilms of Bacillus subtilis 170 and Escherichia coli K-121655 strains at different pH-values
of the cultural medium. Biofilm growth was carried out on the cover glasses for a time of 24 h at temperature of
20°C. The staining was carried out by using of complex fluovescence dye Live Bacterial Gram Stain Kit (Biotum,),
but the observations were carried out by using of confocal laser scanning microscopy Leica TCS SPE at wavelength
of 540 nm.

operons is not carried out directly by the regulatory protein, but with the help of
the intermediary molecule RsiW, which by its nature is a protease and performs the
role of an anti-sigma factor [27], as a similar regulatory mechanism is also observed
in E. coli strains under the conditions of alkaline stress with the participation of the
anti-sigma factor RseP [19]. The occurrence of this genetically complex regulatory
mechanism explains the decrease in the average thickness and relative volume of

the structures formed as a result of the co-development of B. subtilis 170 and E. coli
K-121655, B. subtilis 168 and E. coli K- 121655 strains when changing the pH value of
the culture medium in the range of pH 6.0 to pH 8.0 in the present study. The reduc-
tion of the relative volume per unit area of the formed structures is the result of the
inhibition of the synthesis of the exocellar matrix, which determines the hydrophobic
nature of the biofilms and ensures their adhesion to the surface of the substrate.

The established regularity is in agreement with the results of the study by Helman
etal. [27], according to which mutations in yoaW and sipW genes, responsible for
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pH 5,0 pH 6,0
pH 7,0 pH 8.0

Figure 3.

Mzgcroscope study of biofilms of Bacillus subtilis 168 and Escherichia coli K-121655 strains at different pH-values
of the cultural medium. Biofilm growth was carried out on the cover glasses for a time of 24 h at temperature of
20°C. The staining was carried out by using of complex fluorvescence dye Live Bacterial Gram Stain Kit (Biotum,),
but the observations were carried out by using of confocal laser scanning microscopy Leica TCS SPE at a
wavelength of 540 nm.

the biosynthesis of the exocellular proteins of the biofilm matrix composition and
negatively regulated by the regulator AbrB, do not lead to a change in the adhesion
properties of cells of B. subtilis 170 strain in comparison with the starting strain.
These strains form biofilms with a thickness of 8.0 + 0.5 pm, while in the original
strain, this value is of the order of 14 + 0.7 pm [27]. A similar mechanism of reduc-
tion of the thickness of the formed structures was observed in the development of
the weaF mutant E. coli strain in the attached state [Danese et al., 2000]. Between B.
subtilis and E. coli strains, there is a similarity in terms of inhibition of the process
of biofilm formation, expressed in suppression of the biosynthesis of exocellular
polysaccharides when the pH-value of the medium is increased [27].

The relative spreading area of the mixed biofilms formed by the co-cultivation
of the pair of B. subtilis 170 and E. coli K-121655, B. subtilis 168 and E. coli K-121655
strains increases with a change in the pH value of the medium for cultivation from
pH 5.0 to pH 6.0, immediately after which a strong decrease occurs when pH 7.0 is
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pH Mean thickness, Coefficient of Relative area, Relationship area/volume,

2 2 3
pm unevenness pm pm . pm-

Dual-species biofilms of B. subtilis 170 and E. coli K-121655 strains

5,0 8,14 + 0,48 0,04 + 0,03 0,65 + 0,01 0,12 + 0,007
6,0 10,35+ 0,41 0,02 + 0,06 0,99 + 0,12 0,09 + 0,006
70 3,02+0,23 0,05 + 0,02 0,23+ 0,01 0,33 £ 0,002
8,0 3,01+ 0,05 0,06 + 0,04 0,15+ 0,02 0,34 £ 0,001

Dual-species biofilms of B. subtilis 168 and E. coli K-121655 strains

5,0 8,46 + 0,37 0,03 £ 0,01 0,70 + 0,01 0,11 + 0,004
6,0 10,78 + 0,37 0,03 £ 0,01 0,99 + 0,00 0,09 + 0,009
7,0 3,39+ 0,48 0,06 + 0,07 0,23+ 0,01 0,30 + 0,004
8,0 3,39+ 0,48 0,06 + 0,07 0,23+ 0,01 0,30 + 0,004

Yy = —4,77.x2 + 16,52.%-3,61,r2 = Lp < 0,05 — B. subtilis 170-E. coli K-121655; y = —4,85.x2 + 16,85.x-3,57,12 = 1,
p< 0,05 — B. subtilis 168-E. coli K-121655.

y = —0,55.x2 + 1,99.x-0,79,r2 = Lp < 0,05 — B. subtilis 170-E. coli K-121655; y = —0,525.x2 + 1,86.x-0,64,12 = 1,
p< 0,05 — B. subtilis 168-E. coli K-121655.

y = 0,135.x2-0,435.x + 0,42,2 = L,p < 0,05 — B. subtilis 170-E. coli K-121655;y = 0,115.x2-0,36.x + 3,57,12 = 1,
p < 0,05 - B. subtilis 168-E. coli K-121655.

Table 3.
Morphometric features of dual-species biofilms of B. subtilis 170 and E. coli K-121655 and B. subtilis 168
and E. coli K-121655 strains, depending on pH-value of the cultural medium.

reached (p < 0.05). Its value at pH 6.0 is 0.99 + 0.12 pm?” for the biofilms of the pair
of B. subtilis 170 and E. coli K-121655 strains and 0.99 + 0.00 pm” for the pair of B.
subtilis 168 and E. coli K-121655 strains and was approximately fourfold higher as the
pH of the medium increased to pH 7.0. Reaching its value to pH 8.0 is accompanied
by a statistically insignificant decrease in the size of the relative area of spread of the
formed structures of 0.15 + 0.02 pm2 in the dual-species biofilms of the co-culture of
B. subtilis 170 and E. coli K-121655 strains, while in B. subtilis 168 and E. coli K-121655
strains, it keeps a constant value.

The main function of the regulatory protein AbrB is reduced to the inhibition of
sipW gene, responsible for the biosynthesis of the signal peptidase SipW, whose role
in the process of biofilm formation is reduced to the secretion of proteins to the cell
surface, which contributes to the adhesion and spreading of cells on the surface layer
of the substrate [27] and can explain the decrease in the value of the relative spread-
ing area of the formed biofilms as a result of the co-cultivation of the co-culture of
B. subtilis 170 and E. coli K-121655, B. subtilis 168 and E. coli K-121655 strains, which
was linear as the pH of the medium changed from pH 6.0 to pH 8.0 in the study.
According to other studies, peptidase SipW plays an important role in the forma-
tion of adhesion of peptide nature, which ensures intercellular contacts and the
biosynthesis of structures for cell motility in B. subtilis strains [19]. The inhibition
of its biosynthesis explains the correlation found in the present study between the
change in optical density at 540 nm after crystal violet staining of the formed mixed
biofilms in the co-cultivation of the pair of B. subtilis 170 and E. coli K-121655 and B.
subtilis 168 and E. coli K-121655 strains, their average thickness, and relative volume
per unit area. According to other studies, regulatory proteins take part in the process
of cell differentiation until the development of competence associated with the
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acceptance of exogenous DNA from the lysis of part of the cell population and their
germination into spores [27].

The obtained results for the morphological characteristics of biofilms when the
pH-value of the culture medium is changed do not correlate with the number of
spores in their structure. The number of spores with the structure of multispecies bio-
films of B.subtilis and E.coli strains remains relatively constant when the pH changes
in the range from pH 5.0 to pH 6.0, while under the same cultivation conditions a
statically insignificant increase in numbers is observed them from 0.2.10° cfu/cm’ to
0.710° cfu/cm? in the co-culture of B. subtilis and E. coli strains. The increase in its
value is accompanied by a significant increase in the number of spores in the structure
of the mixed biofilms during the course of the study (p < 0.05), which at the pH of
the medium of pH 8.0 reaches a value of 2.0.10° cfu/cm’ in the biofilms of B. subtilis
170 and E. coli K-121655 strains and 2.5.10° cfu/cm? in the co-culture of B. subtilis 168
and E. coli K-121655 strains. The number of spores changed inversely proportional to
the biomass of the structures formed in the conducted study, and statistically signifi-
cant differences were found in the number of spores in the structure of monospecies
and mixed biofilms in the present study (p < 0.05).

The results of the dependence of the number of spores in the structure of biofilms
in the present study, formed with the participation of B. subtilis strains, depending on
the pH value of the culture medium confirm the studies of Illades-Aguiar and Setlow
[36], in which low pH ensured vegetative growth of the studied strains and inhibited
sporulation. The indole formed by E. coli K-121655 strain in the process of its co-cul-
tivation with B. subtilis 170 and B. subtilis168 strains at pH—the value of the medium
in the range from pH 7.0 to pH 8.0—has an inducing effect on the formation of spores
in the structure of biofilms [24]. The regulatory protein AbrB negatively affects the
expression of genes for the formation of the biofilm matrix, and the gene encoding is
activated by a high intracellular level of the core regulatory protein SpoOA, which is
formed when the pH of the culture medium increases. The course of this regulatory
mechanism leads to the activation of abrB gene, which is accompanied by an increase
in the activity of spolIE, spolIE, and spolIG genes encoding the processes occurring
during the second stage of ferrospore formation in B. subtilis strains [22, 23]. Mutations
in the genes encoding the 6-factors of the mother cell and for ferrospore formation
did not significantly affect the biofilm-forming ability compared to the original or
wild-type strains, suggesting that spore formation is not an obligatory mechanism
for biofilm formation when the factors are changed of the environment [22], which
explains the lack of correlation between the optical density at 540 nm of monospecies

Ne pH Spore forming units  Spore forming units Spore forming units in dual-species
in biofilms of in biofilms of biofilms, cfu/cm®
B. ‘”bﬁz;lla70’ cfu/ B ‘””ﬁi’ﬁes’ ofW/ g cubtilis 170 + E. coli B. subtilis 168
1655 +E. coli 1655
1. 5,0 (6,66 + 0,5).10° (10 + 0.1).10° (2,54 + 0,47).10° (2,66 + 0,5).10°
2. 6,0 (0,2 + 0,05).10° (0,4 + 0.02).10 (0,12 + 0,44).10° (0,3 + 0.30).10°
3. 7,0 (5,66 + 0,21).10° (5,74 + 0.12).10° (0,56 + 0,57).10° (1,3 £ 0,46).10
4. 8,0 (6,01 + 0,29).10° (6,12 + 0.17).10 (2,96 + 026).10 (4,0 + 0,07).107
Table 4.

The impact of pH-value of the cultural medium on spore forming units of B. subtilis 170, B. subtilis 168, and
E. coli 1655 strains in the structuves of single-species and dual-species biofilms.
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and mixed biofilms and the number of spores in them when the pH value of the culture
medium is changed in the range of pH 5. 0 to pH 8.0 in the present study (Table 4).

4, Conclusion

In the presence of phosphate at pH-value of pH 6.0, the bacterial growth rates
of single-species biofilms of Bacillus subtilis strains and biofilms as result of their
interaction with Escherichia coli strains were similar and determines the mutualism
between two strains in the structure of biofilms, but pH-value above and over of pH
6.0 lead to the impeded growth and affect adversely the process of biofilm formation
by the participation of B.subtilis 170 and E.coli K-12 1655, B.subtilis 168 and E.coli K-12
1655 strains, as a result of which a decrease in the value of the optical density, average
thickness, and relative spreading area and an inversely proportional increase in the
ratio of the spreading area of the structures to their volume, but inhibits spore forma-
tion. Many studies on pH homeostasis by soil-drawing bacteria of B. subtilis strains
have been performed in shaken cultures.

The importance of the interplay between extracellular matrix production and
efficient phosphate acquisition and pH homeostasis might have been overlooked.
Considering that static growth in a biofilm is a highly relevant growing state for many
soil bacteria, more research on phosphate acquisition and pH homeostasis by model
soil bacteria in static cultures is required to draw a more comprehensive picture of the
role of biofilm production in phosphate use efficiency and pH homeostasis.
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Chapter 5

Factors Affecting Biofilm
Formation and the Effects of These
Factors on Bacteria

Tugba Kilic

Abstract

Biofilm structures are communities that emerge from microorganisms adhering
to a surface and living in an extracellular polymer matrix (biofilm matrix). Biofilm
formation is affected by various factors, such as strain type, the presence of other
bacteria, extracellular polymeric substances, cell adhesion molecules, environmental
conditions (such as temperature, pH, salt, relative humidity, oxygen availability, and
nutrients), surface properties (such as carrier interface, hydrophobicity, wettability,
and roughness), bacterial genome, hydrodynamic conditions, physicochemical prop-
erties, cell-to-cell signaling (quorum sensing), bacterial motility. Biofilm can form on
the surfaces of devices used in the food and medical sectors (such as stainless steel,
glass, and polyurethane) and cause device-related infections. This study presents
the factors affecting biofilm formation and on which surfaces the biofilm structure
is formed, especially in the food and medical sectors. Identifying the internal and
external factors that influence the biofilm life cycle allows for the identification of
current strategies for promoting the formation of beneficial biofilms and eliminating
harmful biofilms.

Keywords: adhesion, bacteria, biofilm, biofilm-associated infections,
extracellular polymeric substances, quorum sensing, surface

1. Introduction

Biofilms are bacterial communities embedded in a matrix formed by the adherence
of planktonic cells to a surface and the synthesis of extracellular polymeric substances
(EPS) by these attached cells [1]. The biofilm structure forms the living space of 95%
of bacteria [2]. EPS in the biofilm layer constitutes the biofilm matrix [3]. The EPS
matrix involves primarily extracellular polysaccharides (exPs) and contains smaller
amounts of other biopolymers, including extracellular proteins (exPr), extracellular
DNA (eDNA), and extracellular lipids (exLp). The macromolecular content of EPS
varies depending on the diversity of microorganism species and the growth condi-
tions of the cell [1, 3, 4]. These different EPS matrix components come together and
interact. The EPS matrix is affected by various intrinsic (strain type, genotype, etc.)
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and extrinsic factors (surface properties, environmental conditions, fluctuations in
nutrients, physicochemicals, etc.) [5, 6]. These internal and external factors combine
to produce a dynamic and heterogeneous microenvironment [5]. Moreover, microbial
adhesion to surfaces is a complex process involving physicochemical, exPs, and exPr
factors [7]. This inherent complexity can make the isolation and characterization of
matrix components difficult [5].

Planktonic cells can attach to a surface. In this initial phase, the attachment is
easily reversed but becomes strong and irreversible. Cell growth and division form a
biofilm layer found everywhere life can exist [8]. Biofilm formation occurs naturally
due to the balance between various chemical, physical, and biological processes [9].
Bacteria can be planktonic (free-living), but in most natural ecosystems, they prefer
to grow as biofilms (sessile) at interfaces. This may be due to the nutrient concen-
tration of the interface or adaptation to harsh conditions [8]. Biofilms in natural
environments often maintain homeostasis under fluctuating and harsh environ-
mental conditions [10]. Furthermore, biofilm formation is a survival mechanism
for microorganisms and an adaptation strategy to adverse environmental conditions
[6]. In addition, the EPS matrix plays an important role in bacterial physiology and
ecology. These properties include structural protection, cellular interaction, nutrient
utilization, horizontal gene transfer, and adaptation of bacterial populations to the
environment. The matrix content varies depending on the bacterial species and the
interface where the biofilm is formed. Cell migration to this interface can occur by
passive mechanisms or by internal interactions of planktonic bacteria [1]. Biofilm-
forming bacteria have advantages such as a greater abundance of nutrient molecules,
protection from antibiotics, disinfectants, and dynamic environments, synergistic
growth and survival in nutrient-deficient conditions, modification of their metabolic
activities, stabilization of enzymes, promotion of ion exchange and a protective bar-
rier formed by the EPS matrix they generate [11, 12].

Some biofilms contain only a single species, while others contain many species [13].
However, biofilms formed by multiple bacterial species are more common in the natural
environment due to their ecological advantage. Mixed-species biofilms are generally
more resistant to antibiofilm agents than monospecies biofilms [6]. In mixed-species
biofilms, each type of component may produce different polymers. The physicochemical
properties of such a biofilm matrix may differ significantly from those of purified com-
ponents. Additionally, EPS components from two or more species may interact synergis-
tically, increasing bacterial adhesion [5]. Production of EPS, such as surface-associated
polysaccharides and proteins, may give a microorganism a competitive advantage in
a mixed microbial community [9]. Moreover, dual-species biofilms can gain unique
properties compared to their respective monoculture colonies [14]. The function and
chemical compound of exPs may vary depending on the bacterial species or strain [1].

Microbial contamination on different surfaces can adversely affect human health
and the environment. It can lead to significant problems in various technologies, such
as food, medical, and service sectors [15, 16]. Contamination can occur at any stage
of food processing industries, such as through contact of contaminated food with
surfaces or food equipment. In addition, contaminants can contaminate surfaces and
devices such as surgical instruments, ventricular-assisted devices, vascular catheters,
urinary tracheal intubation, catheters, respiratory systems, endoscopes, orthopedic
implants, pacemakers, mechanical heart valves, and needles. These contaminants can
cause both food-related and healthcare-associated infections [17-19]. Understanding
the relationship between surface conditions and microbial adhesion enables the
improvement of new strategies to prevent bacteria and spores from adhering [15].
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To prevent contamination and offer solutions different from current strategies
against infections, revealing the factors that microorganisms need to form biofilms is
a substantial step. If the mechanisms of surface attachment between planktonic and
biofilm life forms, specific to the microorganism species, can be comprehensively
explained, then we will be one step closer to the discovery of effective, cheap, and
environmentally friendly biofilm prevention agents. In this context, this study aims
to reveal which factors affect a microorganism’ ability to form biofilms and discuss
biofilms’ importance in the food and medical sectors.

2. Factors affecting biofilm formation

Biofilms are considered responsible for food spoilage, epidemics, and damage to
food processing equipment. Therefore, it is necessary to be well-informed about all
the factors that affect the development or growth of bacteria (Figure 1), including
the attachment surface, environmental conditions, associated bacterial cells, and
electrostatic charging of the surfaces [28]. Bacterial extracellular surface components
and environmental signals are vital for autoaggregation and biofilm formation. Due to
their strategic location on the cell surface, outer membrane proteins, lipopolysaccha-
rides, and proteinaceous structures such as pili and fimbriae are known to influence
bacterial adhesion and autoaggregation phenotype [1, 29].

Microorganisms usually adhere fast to surfaces in which they come into contact
[11]. In the biofilm life cycle, initial attachment occurs rapidly via physicochemical
interactions between the surface and bacteria. Within a short time, gene expression
changes, and biofilm structure growth begins as cells are physically attached to the
surface by the EPS [17, 30]. Furthermore, the nonspecific adhesion of microorgan-
isms to surfaces is a physicochemical phenomenon and results from electrostatic and
non-electrostatic interactions between the surface of the solid and the bacteria. When
electrostatic double layers connected by charged groups on each surface come into

strain type cell surface charge

microbial growth phase * biofilm age flagella, pili, fimbriae and curli+ cell surface appendages for motility
cell wall characteristics - Gr+ or Gr- hydrophobicity cell surface physicochemical properties
SEH expression

the presence of other bacteria + multi-species biofilms

autoaggregation/coaggregation
adhesion capacity

cell lysis

extracellular polymeric substances
metabolic activity

cell viability

- exopolysaccharides

- biofilm-associated proteins
- extracellular lipids o
- extracellular DNA =
- extracellular RNA

Factors nutrient availability

; ) - uronic acid influencing water availability
population density - humic acid the biofilm the flow rate of medium
cell adhesion molecules SCabione formation temperature
- incubation time
- electrostatic forces pH
- Lifshitz-Van der Waals salt
physicochemical factors - Brownian motion forces oxygen availability
surface chemistry/topography - Lewis acid-base interactions relative humidity
surface geometry - hydrophobicity ionic strength
carrier interface |- roughness - functional groups hydrodynamic conditions
biomaterial types | . smoothness | - surface free energy environmental signaling molecules
- porosity - surface charge adhesins (receptor-ligand binding)
- wettability exposure to antibiofilm agents
- stiffness osmalarity quorum seﬁsing
solutes

Figure 1.
Factors affecting biofilm formation [1, 5, 9, 19-27].
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contact, electrostatic forces are generated between the microorganism’s surface and
the receiving surface. Covalent bonding, Van der Waals forces, acid-base and metal-
lic interactions, and ionic bonding are the forces that play a role in non-electrostatic
interactions [11]. To reduce or prevent microbial adhesion, it is important to know
the physicochemical surface properties of microorganisms, such as Lewis acid-base
or electron acceptor/electron donor character [31]. Liquids and polymer surfaces can
contain three types of hydrogen-bonding molecules: (a) proton acceptors (electron
donors or bases) (polystyrene and polycarbonate etc.), (b) proton donors (electron
acceptors or acids) (polypropylene and polyvinyl chloride etc.), and (c) proton
acceptors and donors (polyamides, polyimides, and polyvinyl alcohol etc.) [32]. In
addition, bacteria may initially attach to the surface via flagella, pili, and fimbriae
[33]. However, in a study, a swimming motility test revealed no relationship between
the initial adhesion and motility of Listeria monocytogenes. In contrast, the cellular
hydrophobicity of L. monocytogenes was shown to be an important feature in the initial
adhesion to polyvinyl chloride and biofilm formation [34].

Depending on the type of interaction, the attachment to the surface may be
transient or permanent. Under environmental conditions, bacterial cells may become
irreversibly attached to the surface via surface adhesins. While adhesion to abiotic
surfaces is generally mediated by nonspecific interactions, adhesion to biotic surfaces
typically requires a specific receptor-adhesin interaction [30]. Zeta potential mea-
surements have shown that most bacteria have a negative charge, so they will bind
quickly and tightly to positively charged surfaces [35]. A hydrophobic surface, such
as plastic, has a lower repulsive force than a hydrophilic surface, such as glass and
metal. The decreased repulsive forces correspond to increased adhesion forces [13].
Moreover, microbial cells encounter repulsive hydrodynamic forces near the surface
in aliquid environment. Bacteria often use cell surface organelles such as flagella or
pili to overcome these repulsive barriers. When bacteria adhere to the surface, binding
can be increased via adhesins, and irreversible binding can be triggered [30]. Motility
via flagella can occur through free cells “swimming” in aqueous environments or
bacterial populations “swarming” on solid, moist surfaces. If the bacteria do not have
motility organelles, surface proteins play a role in initial attachment to the surface [1].

Microorganisms can communicate with each other. Cell communication is usu-
ally achieved by diverse chemical signaling molecules (autoinducers) produced and
released by bacteria. In this process, called Quorum sensing (QS), bacteria communi-
cate with each other via autoinducers to regulate their gene expression in response to
fluctuations in bacterial cell population density [10]. QS is vital in regulating biofilm
formation and its virulence [13]. QS regulates all the stages of biofilm formation
[33]. Furthermore, QS modulates various cellular functions, including pathogenesis,
obtaining nutrients, conjugation, motility, and secondary metabolite production [35].
Two types of QS systems are recognized in bacteria: intraspecific and interspecific
communication. Intraspecific and interspecific interactions between microorganisms
can be either antagonistic (such as competition for nutrients or inhibition of growth)
or synergistic. Bioluminescence, virulence factor expression, antimicrobial resis-
tance, sporulation, and maturation of microorganisms depends on complex interac-
tions [36]. QS molecules, called autoinducers, consist of N-acyl homoserine lactones
(AHLs), oligopeptides, and autoinducer-2. AHLs and oligopeptides are QS molecules
in intraspecies communication in Gram-negative and Gram-positive bacteria, respec-
tively. Autoinducer-2 is an interspecies communication signal in Gram-positive and
Gram-negative bacteria [37]. It has been demonstrated that the QS system is required
for full virulence of many important pathogenic organisms such as Pseudomonas
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aeruginosa, Staphylococcus aureus, Burkholderia pseudomallei, Burkholderia cenocepacia,
and Vibrio cholerae [38]. The las system is a QS system that controls different physi-
ological functions in response to cell density in many bacteria. P. aeruginosa requires
the las QS signaling system to form biofilm. This system controls the synthesis of the
intercellular signaling molecule N-(3-oxododecanoyl)-L-homoserine lactone [20].
The Burkholderia cepacia complex (Bcc) comprises opportunistic bacterial pathogens.
These species cause cystic fibrosis and immunosuppression. These bacteria can use
two chemical languages: AHLs and cis-2-unsaturated fatty acids [39].

Bacteria that form biofilms compete for nutrients and habitat. This competition
can result in the production of toxins that aim to inhibit or kill neighboring cells.
Additionally, bacteria can adapt to nutrient depletion and other environmental
stresses by regulating their metabolism, gene expression, and protein synthesis,
often resulting in reduced cell division rates and metabolic activity. Differential
growth rates and gene transcription among biofilms result in distinct phenotypes
that determine their characteristics [40]. Monospecies biofilm communities often
consist of phenotypically distinct subpopulations. The differentiation of biofilm
cells may depend on the environmental conditions surrounding the cells. Different
concentrations of oxygen, nutrients, ions, and chemicals create various microhabi-
tats that provide favorable conditions for bacterial colonization [10]. Furthermore,
biofilm formation is a multifactorial process that involves the properties of the bac-
terial cell and the biological, chemical, and physical properties of the biomaterials
relative to their surface. The microbial adhesion factors are not yet fully understood
[41]. However, it is known that environmental factors such as temperature and pH
affect biofilm formation and can facilitate bacterial adhesion. Environmental factors
regulate biofilm formation in several pathways. Mature biofilms adapt to environ-
mental conditions to obtain the best nutrients for survival and reproduction [33].
Nutrient deficiencies or low nutrient conditions stress microorganisms and trigger
biofilm formation. However, if nutrient levels are consistently low, biofilms cannot
mature [13].

Biofilm formation is a bacterial stress response to environmental conditions.

In one study, the effects of different temperatures, pH, salt, glucose, and lactose
concentrations on the biofilm cells of Lactococcus lactis subsp. lactis KGPMF23 and
Lactobacillus fermentum KGPMF29 were examined. All tested glucose (0.5, 1.5, 2.5,
3.5%) and lactose (0.5, 1.5, 2.5, 3.5%) concentrations showed stimulatory effects on
biofilm formation at 37°C. The biofilm formation ability of KGPMF23 was stimulated
at 4 and 6.5% salt, while the biofilm formation ability of KGPMF29 was stimulated

at all salt concentrations (4, 6.5, and 8%) [42]. Various factors such as temperature,
time, substrate type, origin, and nutrient availability affect L. monocytogenes biofilm
formation [43]. In Bacillus subtilis, the alternative sigma factor sigma B is activated
by stress factors such as temperature, salt, and starvation [14]. The virulence of
Staphylococcus epidermidis, such as its ability to produce gelatinase and slime, depends
on the host and environmental factors [44]. S. epidermidis and S. aureus biofilms are
governed by significant fluctuations in the pH of the medium under adverse condi-
tions [45].

EPS comprises approximately 75-95% of the biofilm volume, with bacteria com-
prising 5-25% [45]. EPS secreted by individual cells provides advantages to microor-
ganism communities, such as structural integrity and protection from environmental
stress [40]. Moreover, the EPS matrix supports microbial growth and development
[29]. EPS can vary across species and growth conditions and stimulates chemical
communication, formation, and secretion between cells in the microbial community
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[35]. In addition, EPS can be a nutrient source and electron donor/acceptor for micro-
organisms. The network of hollow channels between cells enables the exchange of
oxygen, nutrients, and wastes [29]. EPS, and in the negative case, it prevents surface
colonization due to the toxic effect of some metal ion species such as Cr [3]. The
quantity of EPS varies depending on the age of the biofilms, the type of microorgan-
isms, and the environmental conditions [46]. Changes in environmental conditions
may cause the phenotype to change from planktonic to biofilm form. Furthermore,
environmental conditions can affect bacterial and surface properties. exPs production
serves a role in biofilm protection against environmental stress factors [9]. When a
bacterial cell attaches to a surface, a series of physiological changes begin and can lead
to the overproduction of exPs. These exPs help cells attach to the colonized surface
and facilitate the spatial organization of different species within a biofilm [5]. Biofilm
formation depends on the chemical environment. Pseudomonas strains can generate
different exPs in soil or the human body. Furthermore, changes in biofilm composi-
tion have been observed with changing growth stages, alteration of carbon source,
water availability, and toxins [47]. S. aureus and S. epidermidis are the predominant
contaminants of vascular catheters, and the critical component for surface attach-
ment is polysaccharide intercellular adhesin (PIA) [20]. Some adhesive factors such
as aggregation-associated protein (Aap)/biofilm-associated protein (Bap), eDNA,
and PIA can stabilize the biofilm. Although exPs are important and often essential
components of the biofilm matrix, recent evidence suggests that surface proteins play
aleading role in developing microbial communities [21, 33]. The exPr that comprises
the EPS matrix is a mixture of secreted exPr, protein subunits of cell appendages

(pili and flagella, etc.), cell surface adhesions, and outer membrane vesicle proteins.
They interact with exPs and nucleic acid components to help stabilize the EPS matrix,
promote surface colonization, and maintain the integrity and architecture of the
biofilm [19]. Biofilm-associated proteins are Bap (S. aureus, and B. cepacia), Mus 20
(Pseudomonas putida), VP1443 (Vibrio parahaemolyticus) [21].

Biofilms are assemblages of surface-associated microbial cells [29]. Moreover,
bacteria adhere to almost all natural and synthetic surfaces and are vital to survival
(Table 1) [48]. Plastic-associated biofilms may have negative effects due to the
accumulation of pathogens on the surface and the transfer of resistance genes such
as antibiotics and metals [22]. Plastics, such as polycarbonate, polypropylene, poly-
styrene, polyamides, polyester, polyvinyl chloride, and polyethylene, are synthetic
organic polymers, with 100 million tons produced annually worldwide and increasing
daily production [29, 59]. In addition, stainless steels are commonly used in the food
and beverage manufacturing and processing industries. Different surface proper-
ties can determine bacterial adhesion. A study evaluated the surface roughness of
stainless steel by 3D polishing, brushing, grinding, and electropolishing. The results
showed that the rate of adhering bacteria increased with increasing surface rough-
ness. Bacteria adhere more to rougher surfaces because of increased interaction
between the increased efficient surface area and the increased number of cracks,
gaps, and spaces [15]. S. epidermidis adhesion to the surface may be related to the
stiffness of the polymer substrate. However, the mechanisms that mediate cell surface
interaction and the importance of physical properties in cell adhesion may be difficult
to understand [35].

Stainless steel can be an ideal surface for bacteria to adhere to; still, it is the mate-
rial most commonly used to make containers, pipes, valves, and different types of
equipment in the food processing industry [60] because stainless steel is significantly
more biocleanable than glass. Additionally, biofilm-associated microorganisms
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Food sector

Glass [17, 28] Aluminum [43]

Stainless steel [17, 49, 50] Polyurethane [51]

Ceramic [41, 51] Polyvinyl chloride [34]

Rubber [17, 28, 43, 52] Polystyrene [50]

Teflon [51] Polypropylene [28, 43]

Wood [51] Polycarbonate [43]

Medical sector

Glass [7, 44] Polyurethane [20]

Stainless steel [53] Polypropylene [54]

Titanium [55] Polyethylene [56]

Acrylic [7] Polyethylene terephthalate [56]

Silicone [20] Polymethyl methacrylate [57]

Cellulose [58] Polydimethylsiloxane [53]

Teflon [58] Polytetrafluoroethylene [57]

Polyamide [54] Poly2-hydroxyethyl methacrylate [58]
Table 1.

Surface types ave used in the food and medical sectors.

growing on a stainless steel surface can be killed by lower disinfectant concentrations
than those on polymer surfaces. On stainless steel surfaces, it is important to consider
the quality and age of the steel, the surface roughness, and the cleaning conditions
used [11]. L. monocytogenes can adhere to food-contact surfaces (polystyrene, glass,
stainless steel, etc.) and form biofilms [15]. In one study, the surface roughness of
materials, including aluminum, rubber, polypropylene, and polycarbonate, varied
greatly (0.7-3.5 logyo Ra) and was reported to have a positive correlation with bio-
film formation (rs = 0.573) [43]. S. epidermidis is one of the main causes of medical
device-related infections, including prosthetic infections [44]. It has been found that
most S. epidermidis strains produce more biofilm on acrylic surfaces than on glass.
Therefore, a hydrophobic surface has been found to support biofilm formation on
most clinical isolates of S. epidermidis [7].

Microbial hydrophobicity is the attractive energy between apolar or slightly polar
cells immersed in an aqueous phase. In biological systems, hydrophobic interactions
are generally the strongest noncovalent forces, often mediating surface adhesion [7].
Because most interface systems have multiple parameters, it is difficult to evaluate the
results of most adhesion tests based solely on hydrophobicity [17]. While spreading,
wetting, and adhesion are effective in the interaction of polymer surfaces with liquids
(solid polymer-liquid interface), contact adhesion, hardness and scratching, friction,
and wear are effective in the interaction with solids (solid polymer-solid interface). A
reversible free energy change per unit area of the new interface occurs [32]. Surface-
free energy correlates more with the binding force than the number of bacteria
attached per unit of surface area [17].

Changes in hydrodynamic conditions can affect the structure of biofilm matrix
cells. The shear rate affects the erosion rates of cells in the biofilm matrix [5]. Two
mechanisms can lead to cell detachment from the biofilm: increased external shear
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forces or decreased internal strength [9]. The role of wettability is essential in the
attachment of planktonic cells to the hydrophobic and hydrophilic biofilm carrier
surface. Wettability can help overcome the electrostatic repulsion during the initial
attachment between cells with different affinities (hydrophobicity-hydrophilicity)
and the surface. In addition, the wettability of the biofilm colony is a result of multi-
ple interactions with EPS, such as ionic protein, exPs, humic acid, uronic acid, eDNA,
and cations. EPS contains both hydrophilic and hydrophobic components. As the
biofilm matures, the role of EPS in determining the surface properties and microbial
attachment-detachment interactions becomes more dominant. As a result, EPS
changes the surface properties and improves cellular attachment. In addition, wet-
tability can affect the initial biofilm attachment rate and the durability of established
biofilms. In addition, roughness can increase the wettability of the surface. Rough
surfaces are effective in the initial attachment and detachment of cells. Therefore,
selecting the optimum roughness is important for balancing the biofilm formation
and detachment rate [46]. The importance of fluid hydrodynamics for resistance to
external shear forces in P. putida and P. aeruginosa biofilms has been actively stud-
ied. Observations indicated that biofilm maturation and distribution are regulated
somewhat by shear forces and microenvironmental hydrodynamics [45]. One study
reported that cell surface hydrophobicity increased with temperature [50]. On the
other hand, it was determined that S. epidermidis hydrophobicity had little or no
effect on surface adhesion [7].

3. Application areas

Biofilm is a significant concern in several applications, from biomedical implants
and devices to food packaging and industrial equipment [61]. Escherichia coli, P.
aeruginosa, S. aureus, Streptococcus pneumoniae, and Salmonella typhimurium can
cause food poisoning and nosocomial infections [2]. P. aeruginosa is found in humans,
animals, abiotic surfaces, food, and medical devices, and its ability to infect increases
when it forms a biofilm [16].

3.1 Food sector

In the food industry, sedimentation due to gravity, the dominant mechanism in
storage or fermentation tanks, turbulence of the suspension liquid in large pipeline
systems, and Brownian motion are factors that initially affect the attachment of
microorganisms to a surface [11]. Biofilms have been found on equipment and tools in
milk processing plants, including bends in pipes, gaskets, floors, and milk-handling
devices [49].

Adequate nutrients on food and food processing surfaces create ideal condi-
tions for microbial growth and attachment [62]. In the food industry, the binding
surface properties (hydrophobicity, electrostatic charging, interface roughness,
topography, etc.) affect the overall hygiene of the surface as they affect biofilm
formation [28]. Microscope analysis has determined that smooth stainless steel
surfaces can be damaged by mechanical cleaning and that bacteria and organic
residues can adhere to small cracks and scratches formed on the surfaces [50].
Type 304 stainless steel is the most widely used food-contact material in the food
industry because it is easy to clean and resistant to extreme corrosion at different
processing temperatures [28].
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Biofilms can form on processing environment surfaces and food, causing cross-
contamination and post-process contamination. Thus, microbial colonization can
be found on food surfaces, packaging material surfaces, milk storage tanks and heat
exchange equipment [17]. S. aureus is a pathogenic bacterium that forms biofilms on
food processing surfaces [50]. Moreover, Streptococcus thermophilus is a well-known
contaminant strain of heat exchanger plates in the dairy industry [63]. Bacillus
cereus spores in raw milk could remain in heat exchange equipment and grow out,
contaminating the product [17]. Furthermore, the commonly isolated pathogens
were L. monocytogenes, Salmonella spp., E. coli, Vibrio spp., Campylobacter jejuni,
and Clostridium perfringens in the food sector. During milk processing, thermophilic
streptococcal strains can adhere to pasteurizers’ heat exchanger plates and lead to
pasteurized product contamination, adversely affecting their taste [64].

3.2 Medial sector

Typical biologically important interfaces include the cell surface-synthetic
biomaterial, EPS matrix-biomolecule, EPS matrix-cell, hydrated tissue-air (lung),
and mineral-protein (bone) [58]. Biofilm may form on biological implants and
drug-delivery devices [62, 65]. Biofilm formation after protein adsorption on bio-
logical implants reduces the effectiveness of the devices and may lead to harmful
side effects such as thrombosis. Biofilm may form at the interface between bone
and the implant surface. Moreover, infection around orthopedic implants and in
chronic osteomyelitis is associated with developing bacterial biofilm, a barrier to
antibiotics. One solution to this problem could be delivering antibacterial drugs
by local carriers. The ideal vehicle should provide high local antibiotic concentra-
tions above the minimal inhibitory concentrations for most common pathogens
without causing systemic toxicity [65].

The biofilm cells that develop on carrier surfaces are more resistant than plank-
tonic cells in terms of survival mechanisms [46]. In addition, biofilm-associated
bacteria may exhibit different characteristics than planktonic cells, such as different
physiology, immune system, and high antibiotic resistance, making biofilms a source
of chronic and persistent infection [9]. It was observed that P. aeruginosa, which
formed a biofilm on the catheter surface, was still viable after 1000 pg/mL tobramy-
cin exposure for 12 hours. Two mechanisms can explain antibiotic resistance. First,
the biofilm matrix absorbs and degrades antibiotics, forming a strong barrier and
limiting their penetration. Second, bacteria within the biofilm can slow down their
metabolism when exposed to antibiotics, thus reducing their uptake and sensitivity to
antibiotics [66].

The most common bacterial microorganisms that cause biofilm infections are
S. epidermidis, S. aureus, P. aeruginosa, Haemophilus spp., Acinetobacter spp., and
Enterobacteriaceae [67]. Moreover, most microorganisms that cause hospital infec-
tions are biofilm producers, and due to this ability, they can adhere to abiotic surfaces
and cause initial catheter infections and later bloodstream infections. Hospital-
acquired infections are associated with medical insertion devices such as intravenous
catheters [16]. Infections caused by microbial biofilms include intravascular catheter,
prosthetic joint, and implant (such as knee and hip) infections [67, 68]. Intravenous
catheter infections frequently lead to bloodstream infections, which can be a signifi-
cant cause of death and healthcare costs. Furthermore, multispecies biofilms can
cause infections in sterile body parts, such as urinary tract infections in patients with
urinary tract catheters or ventilator-associated pneumonia in intubated patients [67].
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Biofilm is a substantial problem in the medical sector because it forms on medical
implants within human tissue and causes many serious chronic infections. Due to
their adapted biofilm phenotypes, S. aureus and S. epidermidis are among the most
important bacteria causing device-associated infections [16, 62]. Methicillin-resistant
S. aureus’s ability to form biofilms on biotic and abiotic surfaces is the primary cause
of its antibiotic resistance and pervasiveness [68]. Generally, staphylococci are the
most common cause of infections associated with indwelling medical devices [67].
Moreover, coagulase-negative staphylococci can cause endovascular and catheter-
related bloodstream infections. The most important virulence factor of S. epidermidis
is its ability to adhere to devices and form biofilms [7]. Moreover, S. epidermidis is a
significant infectious agent in patients with peritoneal dialysis catheters [44].

4, Conclusions

Identifying the regulatory mechanisms required for biofilm formation and
characterizing the properties of biofilm matrix components are important for
biofilm studies [14]. The exact result of some parameters, such as roughness and
hydrophobicity, can vary greatly under different laboratory conditions. The lack
of clear results may be due to the different methods and bacterial strains [28].
Despite these handicaps, developing methods to prevent biofilm growth and/or
formation by harmful bacteria allows the detailed elucidation of the five-stage
biofilm life cycle mechanism [2, 23].

The increased use of materials resistant to bacterial adhesion in the food indus-
try can improve food safety [60]. In addition, strong hydrophobic and low-energy
surfaces are preferred for biofilm control in industries due to their stability and
lower interaction with living cells. Materials with surface energy between 20 and
30 mN/m are reported to be suitable antibiofilm materials [59]. One of the most
promising strategies to prevent or delay biofilm formation in medical and industrial
environments is to use antiadhesive coatings that release contact killers or biocidal
substances. Since medical and industrial biofilms usually develop in areas with fluid
movement, studying the environmental conditions during bacterial-surface interac-
tions during initial adhesion is an important step [69]. Knowing the nature of poly-
mers is important for applications such as organic coatings to prevent corrosion [59].
Moreover, different strategies to prevent biofilm include antibiofilm surface coatings
as an environmentally friendly alternative. Nontoxic polydimethylsiloxane coatings
can create self-cleaning surfaces [70].

Protein-resistant coatings can be used to inhibit bacterial attachment. These coat-
ings can be designed to release biocidal agents (antibiotics, quaternary ammonium
salts, silver, etc.) into the surrounding aqueous environment. However, alternative
strategies, such as using polycations, enzymes, biocides, nanomaterials, and photoac-
tive agents, should be developed for antibiotic- and silver-resistant pathogen strains.
The most widely known photoactive material is titanium dioxide (TiO,), which has
a self-cleaning effect. Different types of surfaces, such as glass and catheters, can be
coated with TiO, [61]. Antibiotic doses effective against planktonic forms in vitro are
ineffective against the same bacteria in biofilm forms. Therefore, a 200-1000-fold
higher concentration of the same antibiotic may be required. Effective doses for
biofilm removal may be toxic to the patient [65]. Particulate drug-delivery systems are
considered a promising strategy to solve problems associated with antibiotic treat-
ments in biofilm environments [71].
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The EPS matrix contains organic molecules as well as inorganic compounds such
as metal ions and minerals [14]. Removing metal ions reduces the surface’s chemi-
cal reactivity, rendering it less susceptible to bacterial attachment [60]. A common
method of biofilm inhibition involves disrupting cellular function with substrate-
associated metals. Nanoparticles such as silver are interesting for thermodynamically
mediated biofilm inhibition and are more effective when used with a secondary
antimicrobial component [2]. In a study, an innovative approach to direct live cell
migration on patterned quasi-liquid surfaces was applied and presented as a promis-
ing strategy to prevent biofilm formation and combat biofilm-associated infections.
This study induced living bacterial cells to aggregate on adhesive patterns [66].

To develop strategic measures such as increasing the use of antifouling surfaces in
biofilm control studies, the factors affecting biofilm structure should be addressed
individually, and the interaction mechanisms between them should be revealed on a
strain-specific basis. In addition, whether there is a difference between the two life
forms containing planktonic and biofilm cells in terms of EPS content or other factors
should be evaluated in detail. Determining how similar biofilm matrix polymers are
to planktonic cell polymers and which polymers are biofilm-specific will bring us one
step closer to new biofilm control strategies. Considering biofilm control strategies’
positive and negative aspects, the most effective method for humans and the environ-
ment should be selected according to bacterial species.
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Chapter 6
Persisters of Bacterial Biofilms

Peng Li and Siqi Yao

Abstract

Bacterial biofilms are associated with increased ability to withstand antibiotics,
making it extremely difficult to treat biofilm-related infections. This chapter focuses
on a unique subpopulation of bacterial biofilms, persisters, which are highly tolerant
to lethal doses of antibiotics. It has been recognized that antibiotic-tolerant biofilm
persisters are closely linked with recalcitrance and relapse of infectious diseases.
Biofilms contribute to physiological heterogeneity of the community and offer a
protective environment suitable for the formation and survival of persisters. Current
evidence suggests that biofilm persisters adopt a series of molecular mechanisms
to generate antibiotic tolerance. They may enter into a dormant state with reduced
growth and metabolic activities, while maintaining essential biological processes
such as stress responses and efflux pumps. When exposed to high concentrations of
antibiotics, the majority of biofilms can be killed and only persisters survive. This
raises the hypothesis that persisters are the responsible subpopulation for the antibi-
otic tolerance of biofilms. Therefore, targeting biofilm persisters represents a promis-
ing strategy for combatting biofilm-related infections. This chapter presents evidence
supporting the clinical relevance of bacterial biofilms persisters, the uncovered
mechanisms behind their antibiotic tolerance, and the development of approaches to
combat bacterial biofilm infections by targeting persisters.

Keywords: persisters, antibiotic tolerance, biofilm, bacteria, infection

1. Introduction

Bacteria can live as independent free-floating cells or organize into aggregates as
biofilms, and biofilm is the preferred lifestyle of bacteria [1]. Bacterial biofilms are
complex community of aggregated bacteria embedded in self-produced matrix of
extracellular polymeric substance (EPS). Biofilms derived from single or multiple
species of bacteria account for the majority of chronic infections and represent
a critical threat to human health. These biofilm infections can result from either
sessile bacteria attached on various biotic/abiotic surfaces or non-surface associated
aggregates formed in tissues/secretions [2]. Accumulating evidence has shown that
biofilms exhibit enhanced adaptability to external stresses such as antibiotics and
host immune system compared to planktonic cells [3]. In clinical settings, bacterial
biofilms, located in tissues or on medical devices (e.g., catheters, prosthetics, valves,
artificial joints and dentures), are extremely difficult to treat with antibiotics and
become a major cause for persistent infections and therapeutic failure [4]. For a
long time, researchers and clinicians have attempted to figure out the mechanisms
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behind the increased antibiotic resistance of biofilms even though they are formed
by susceptible species. It has been recognized that the ability of biofilms to withstand
antibiotics involves genetic antibiotic resistance occurring within biofilms, and more
importantly phenotypic antibiotic tolerance corresponding to the biofilm lifestyle.
Multiple hypotheses have been proposed to account for the phenotypic antibiotic tol-
erance of biofilms, such as protection of EPS, reduced growth/metabolic rate, efflux
pumps, quorum sensing (QS), stress response, and formation of antibiotic-tolerant
persisters [5, 6]. Among these concepts, persisters are expected to become a keystone
for uncovering the exact mechanism.

Bacterial persisters refer to small subpopulations of cells that are highly tolerant to
lethal doses of antibiotics and other harsh environmental conditions [7, 8]. Different
from antibiotic resistant mutant, persisters are phenotypic variants of a susceptible
population and their antibiotic tolerance is nonheritable and reversible. Upon anti-
biotic treatment, the majority of a bacterial population is killed rapidly followed by a
significant decrease of killing rate, leaving persisters alive. When antibiotic treatment
is interrupted, persisters are able to resuscitate and form a new population as sensitive
to the antibiotic as the original one. The phenomenon was first discovered in 1942 by
Hobby et al. who found that penicillin failed to kill about 1% of Staphylococcus aureus
cells [9]. The concept of persisters was coined in 1944 by Bigger based on a similar
observation [10]. However, the discovery did not draw much attention, and the
importance of persisters was ignored for decades until they were identified in biofilms
and linked with recalcitrant infections. Current evidence shows that biofilm persisters
play a critical role in the recalcitrance and recurrence of infectious diseases [11]. The
survival of persisters represents a “bet-hedging” strategy which facilitates adapta-
tion of bacteria to unpredictable environmental challenges [12, 13]. Interestingly,
akin to the ability of biofilms to withstand antibiotics, it has been demonstrated that
similar strategies are used by persisters to engender antibiotic tolerance, suggesting
persisters are the responsible population for intrinsic biofilm resistance. This chapter
systematically summarizes the identification and clinical relevance of bacterial
biofilms persisters, the mechanisms exploited by persisters to form and survive in
bacterial biofilms, and the strategies to combat bacterial biofilm infections by target-
ing persisters.

2. Identification of bacterial biofilm persisters

It was previously assumed that rapidly growing planktonic bacteria cause acute
infections, whereas slowly growing biofilms cause chronic infections [14]. Recent
findings have shown that bacterial biofilms are also associated with acute infections
[15]. Biofilm-related infections are insensitive to treatment with currently available
antibiotics despite bacterial susceptibility, posing a severe threat to global health.
Single or multiple species bacterial biofilms have been found in various organs and
tissues of the body, and they can lead to persistent infections in the presence of
predisposing factors. Moreover, the dispersal of biofilms is capable of causing infec-
tions in new niches. It is estimated that, about 80% of bacterial infections are associ-
ated with biofilm formation [16]. Bacterial biofilms are responsible for a series of
notorious infectious diseases, including lung infection in cystic fibrosis, periodontitis,
endocarditis, otitis media, osteomyelitis, chronic wound infections, and urogenital
infections [17]. With the widespread use of medical devices, there is an increasing
concern on medical device-related biofilm infections in clinical practice. Dependent
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on the bacteria species adherent on the devices, local inflammatory reactions or severe
infections may be induced around the foreign bodies. Such infections are highly chal-
lenging to treat with antibiotics and removal of the infected devices is frequently the
only option [18].

Bacterial biofilms can be 10-1000 times more resistant to antibiotics compared to
their planktonic counterparts. Due to the high antibiotic tolerance, the treatment of
biofilm infections requires prolonged therapy with higher concentrations of antibiot-
ics in clinical practice [19]. Although most of cells in biofilms can be killed when
exposed to high doses of antibiotics, a small subpopulation of antibiotic-tolerant
persisters remain survival. The immune system is believed to work together with
antibiotics and eliminate pathogens that escape antibiotic treatment. However, the
three-dimensional biofilm structure serves as a protective barrier and shields the
encased bacteria from clearance by host cells [3]. Therefore, when antibiotic therapy
ceases or the concentration of antibiotics reduces, persisters can regrow and repopu-
late the biofilms, leading to recurrence and persistence of the biofilm infections.

The identification of persisters in biofilms explains the puzzling therapeutic failures
associated with biofilm infections despite the absence of antibiotic-resistant mutants.
At the beginning of the twentieth century, the research team of Kim Lewis revealed
the presence of persisters in Pseudomonas aeruginosa biofilms and put forward the
hypothesis that antibiotic tolerance of biofilms is largely dependent on the persister
subpopulation [20, 21]. Since then, persisters have been identified in biofilms of
various predominant pathogens such as Escherichia coli [22], Candida albicans [23],
Mycobacterium tuberculosis [24], and Staphylococcus aureus [25].

3. Clinical relevance of bacterial biofilms persisters

Despite the discovery of biofilm persisters in various labs, a direct link between
persisters and clinical infections was missing for a long time. P. aeruginosa is an
opportunistic pathogen that can cause severe infections in immunocompromised
individuals, and most notably, it can lead to persistent biofilm infections in the lungs
of patients with cystic fibrosis. Mulcahy et al. examined 35 longitudinal isolates of P
aeruginosa collected between the ages of 8 and 96 months in a single patient receiving
prolonged antibiotic treatments. The late four isolates obtained at 92 and 96 months
were high-persister (hip) strains that exhibited a dramatic increase in the persister
level compared to the earlier isolates. Further analysis revealed that kip strains
emerged in 10 out of 14 additional cystic fibrosis cases [26]. A similar investigation
demonstrated that cancer patients with long-term oral carriage of C. albicans and
daily chlorhexidine treatment possessed strains capable of producing higher level of
persisters in the C. albicans biofilms, whereas no hip strains was isolated from patients
with transient Candida carriage [27]. The two pioneering studies directly correlate
persisters with clinical infections and implicate biofilm persisters in recalcitrance
of chronic infections to antimicrobial therapy. And, the findings are in line with the
selection of a E. coli hip mutant hipA7 in vitro by repetitive application of ampicillin
at high doses [28]. E. coli is the predominant pathogen for urinary tract infections,
and multidrug-tolerant kip A7 mutants were isolated in patients with such infections,
indicating persisters are important players for the recurrence of the infections [29]. In
patients with recurrent bloodstream infections caused by E. coli, 36% isolates (4/11)
collected during relapse had higher persister formation ability with reference to the
initial infection isolate [30]. In a lager cohort of 39 patients suffering from cystic
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fibrosis, 460 longitudinal isolates of P. aeruginosa were subject to persister phenotype
assay. In total, 19% of the isolates distributed in 56% of the patients were classified as
hip variants. Interestingly, in a mixed biofilm model formed by Aip variant and non-
hip strain, the hip variant survived better than non-kip strain upon antibiotic dosing
for patients. The emergence of hip variant contributes to strain fitness and treatment
failure in cystic fibrosis airways [31]. Taken together, the identification of ip isolates
from patient cohorts with recurrent infections has corroborated the critical role of
persisters in refractory infectious diseases.

In addition, comparative genomic methods have been used to examine the geno-
types of isolates from initial and recurrent episodes of infection in the same patient.
Emerging evidence has indicated that recurrence of bacterial infections mainly results
from relapse by initial infecting strain instead of reinfection by another strain [32].
For example, whole-genome comparison of Burkholderia pseudomallei isolates from
patients with recurrent melioidosis revealed that the genotypes were clonal, while
the chance of reinfection with the same clone was very low after months or years
[33]. Therefore, it is believed that persisters are the culprit for infection relapse when
there are no detectable antibiotic-resistant mutants. Importantly, the selection of /ip
mutants by prolonged antibiotic treatments raises the concern of eventual emergence
of resistant mutants. Increasing evidence has shown that persisters are a group of
adaptively evolving cells which promote the acquisition of genetically heritable
antibiotic resistance [34-36].

Besides rendering antibiotic tolerance and resistance, it is noteworthy that persist-
ers have evolved other strategies to persist in the host and cause therapeutic failure.
Certain bacteria can enter host cells and survive intracellularly. The internalization
of M. tuberculosis, Salmonella, and S. aureus is accompanied by intracellular persister
formation and induction of antibiotic tolerance [37-39]. Persisters of the keystone
periodontal pathogen, Porphyromonas gingivalis, maintained the ability to invade
human gingival epithelial cells [40]. The intracellular persisters use host cells as
sanctuary and constitute a reservoir for relapsing infections.

4. Mechanisms behind antibiotic tolerance of bacterial persisters

Persisters represent a transient and reversible state of low abundance bacteria
in a whole population, making it extremely difficult to isolate and characterize
them. Extensive studies have been carried out to investigate the elusive molecular
mechanisms behind the formation and survival of persisters. Although the current
understanding of persisters remains limited, increasing evidence has linked antibiotic
tolerance of persisters with dormancy and multiple active mechanisms, such as differ-
ent stress responses, efflux pumps, and QS.

Based on an elegant single-cell study by Balaban and colleagues [41], it is generally
assumed that persisters can arise spontaneously in a growing bacterial population by
stochastic phenotypic switch or emerge in response to environmental triggers (e.g.,
starvation). In the same study, it was shown that persisters are nongrowing or slowly
growing cells and exist before antibiotic treatment. Given that antibiotics mainly
target actively growing bacteria, slow growth could protect bacteria against antibiotic
activities. Moreover, decreased metabolism and intracellular ATP level are associated
with the formation and survival of persisters [7]. Therefore, a prevailing hypothesis is
that persisters enter into a dormant state with drastically reduced growth and meta-
bolic activities [42]. Toxin-antitoxin (TA) modules consisting of toxins and cognate
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antitoxin are closely associated with bacterial dormancy and persistence [43]. Toxins
are stable proteins implicated in inhibition of essential cellular process such as DNA
replication and protein translation. Antitoxins are unstable proteins or RNAs that
interrupt the function of toxins. Under normal conditions, toxins and antitoxins are
maintained in balance, and cell growth is not affected. When exposed to stresses,
antitoxins are selectively degraded, leading to activation of toxins and subsequent
cellular dormancy. Single cell analysis of E. coli revealed that persister formation was
associated with stochastic expression of TA operon [29]. The dynamic regulation of
TA systems contributes to switch between growth and dormancy of bacteria, possibly
mediating their entry and exit of the persister state [44].

Although dormancy provides a paradigm to explain antibiotic tolerance, it
should be noted the majority of dormant cells in a population are not persisters, and
persisters can originate from growing and metabolic active cells [45, 46]. Increasing
evidence suggests that mechanisms of persister formation are redundant and a series
of active biological processes are organized along with dormancy to engender antibi-
otic tolerance. In nature, bacteria routinely encounter a myriad of stresses and have
evolved corresponding protective stress responses to promote their survival. Under
amino acid starvation and other nutrient limitation conditions, bacteria trigger (p)
pPpGpp signaling to induce stringent response. When exposed to DNA damaging
pressure such as oxidative stress and fluoroquinolones, SOS response is initiated as a
DNA repair system. In the presence of high levels of reactive oxygen species, adaptive
oxidative stress responses are activated. Numerous studies have shown that these
stress responses play important roles in bacterial persistence [7, 47]. The use of efflux
pumps to reduce intracellular antibiotic level is a classical approach to induce antibi-
otic resistance, while recent studies show that enhanced drug efflux can also promote
antibiotic tolerance [48, 49]. Furthermore, bacteria exploit the communication
network QS to establish phenotypic heterogeneity and strengthen their adaptation to
complex environments. Notably, various QS molecules are found to have a regulatory
role in antibiotic tolerance of persisters [50-52].

5. Contribution of biofilm formation to bacterial persistence

Biofilm formation serves as a survival strategy for bacteria to cope with diverse
environments, and biofilms are likely to generate higher level of persisters compared
to planktonic cells [24, 53, 54]. Within the complex structure of biofilms, chemical
gradients of nutrients, oxygen, and metabolic products are established, creating
different micro-niches. Bacteria residing at various locations of biofilms exhibit
remarkable physiological and phenotypic heterogeneity [55]. The availability of
nutrients and oxygen is limited in the interior regions of biofilms. Therefore, cells in
the deep layers of biofilms are associated with reduced growth and metabolic activi-
ties, entering into a dormant state. In fact, the formation of persisters in biofilms
can be promoted by dormancy, TA modules, stringent response, and SOS response
as suggested in planktonic cells [56-61]. In addition, control of oxidative stress is
linked with antibiotic tolerance of bacterial biofilm persisters [53, 57]. The frequency
of persisters is significantly reduced in biofilms formed by mutants of Pseudomonas
aeruginosa deficient in Anr-mediated hypoxia stress, RpoS regulated stationary-phase
growth, and stringent response, respectively [54].

The development and maturation bacterial biofilms are associated with the pro-
duction of EPS matrix. The presence of matrix acts as a barrier to limit penetration
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Figure 1.

The mechanisms exploited by persisters to form and survive in bacterial biofilms. Biofilm community provides an
environment suitable for the formation and survival of persisters. Owing to the chemical gradients of nutrients
and oxygen, biofilms are composed of heterogeneous subpopulations with diffevent growth rates and metabolic
activities. The EPS matrix contains components that can sequester antibiotics and impair antibiotic diffusion,
such as extracellular DNA (eDNA), polysaccharides, and p-lactamases. This builds up microenvironments
characterized by limited nutrients, oxygen, and antibiotics alone or in combination, which prepare fractional
cells for the formation of persisters by inducing dormancy along with essential biological processes. When exposed
to antibiotics, persisters in biofilms exploit redundant mechanisms to obtain antibiotic tolevance including TA
modules, stringent response, SOS response, antioxidative response, efflux pumps, and QS signaling.

of antibiotics and other toxic substances into biofilms. For example, the negatively
charged biofilm matrix components such as extracellular DNA and polysaccharide
can bind to positively charged antibiotics like aminoglycosides via ionic interaction,
thereby hindering antibiotic penetration [62]. Other than sequestration of antibiot-
ics, EPS matrix contains enzymes such as p-lactamases that can inactivate antibiot-
ics before they reach bacterial cells [63]. Therefore, the delayed and insufficient
antibiotic delivery results in exposure of bacteria within biofilms to relatively low
concentration of antibiotics [64]. It is of concern that sublethal levels of antibiotics
enable bacteria to form more persisters tolerate to multiple antibiotics [65-68]. The
reduced rate of antibiotic diffusion in biofilms may cause a dilemma that antibiotics
are at levels insufficient to kill the bacteria but suitable to induce antibiotic tolerance.
Taken together, bacterial biofilms provide a protective environment for formation
and survival of persisters, and the potential mechanisms are depicted in Figure 1.

6. Control of bacterial biofilm infections by targeting persisters

The presence of multidrug-tolerant persisters in biofilms has been recognized
as the predominant cause for antibiotic treatment failure and relapse of bacte-
rial infections. It is becoming clear that the key of controlling bacterial biofilms
translates to the ability to prevent persister formation or elimination of the persister
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subpopulation. Therefore, the development of agents targeting persisters represents
a promising strategy for effective management of biofilm infections. Based on the
growing knowledge about biofilms, persisters and antibiotic tolerance, a series of
novel approaches have been developed to combat bacterial biofilm persisters.

As persisters mainly enter into a dormant state, it is expected that metabolic
stimuli may restore the antibiotic susceptibility by resuscitating persisters. Therefore,
various metabolites have been tested for the ability to sensitize biofilm persisters to
antibiotics. A fatty acid signaling molecule, cis-2-decenoic acid, was able to awake
persisters by elevating respiratory activity and protein synthesis. Combinational
treatment with cis-2-decenoic acid and ciprofloxacin caused significant reduction of
persister levels in planktonic and biofilm populations of P, aeruginosa and E. coli [69].
The use of metabolic adjuvant L-arginine resulted in 99% increase in the suscepti-
bility of planktonic and biofilm persisters of S. aureus, E. coli, and P. aeruginosa to
gentamicin iz vitro through modifying membrane pH gradient. The L-arginine and
gentamicin cocktail completely eradicated S. aureus and E. coli biofilms in a mouse
model of catheter-related infection [70]. Metabolic stimuli by glycolysis intermedi-
ates (e.g., glucose, mannitol, fructose, and pyruvate) induced killing of E. coli and
S. aureus persisters by gentamicin. The combination of metabolites with gentamicin
markedly reduced biofilm and persister viability iz vitro, and the effect was con-
firmed in a mouse urinary tract catheter infection model [71]. A similar study showed
addition of mannitol significantly increased tobramycin sensitivity of P. aeruginosa
biofilms and persisters [72]. Notably, the metabolite-enabled killing by aminogly-
cosides was due to enhanced aminoglycoside uptake by induction of proton-motive
force, whereas such effect did not apply to p-lactams or fluoroquinolones [71].

QS signaling is closely related to biofilm formation and bacterial persistence. BF8,
an inhibitor of QS, was shown to suppress antibiotic tolerance of both planktonic and
biofilm persisters in P. aeruginosa and E. coli, although the exact mechanism of action
was unclear [73, 74]. The formation of colistin-tolerant P. aeruginosa biofilm persisters
relies on cell migration and QS. Combined use of erythromycin and colistin could
promote the elimination of the biofilm persisters via inhibition of motility and QS by
erythromycin [75].

Semisynthesis is an essential approach to develop novel antibiotics. A semi-
synthetic antibiotic (V-r8) conjugated vancomycin with a cell-penetrating molecular
transporter d-octaarginine which could enhance the access of the antibiotic in the
EPS matrix of biofilm and cellular uptake. It was reported that V-r8 exhibited potent
killing efficacy against methicillin-resistant S. aureus (MRSA) biofilms and their
persister cells iz vitro and caused 97% reduction of biofilm-associated MRSA in a
mouse wound infection model [76]. Another conjugate (V-IDR1018) constructed by
vancomycin and innate defense regulator IDR1018 showed superior activity against
MRSA biofilms and persisters both in vitro and in vivo [77].

Furthermore, an array of agents has been screened to eradicate biofilm persist-
ers. Kim W and colleagues had developed multiple compounds to attack biofilm
persisters by targeting bacterial membrane. Synthetic retinoids, CD437 and CD1530,
were able to eradicate persisters formed in MRSA biofilms alone or in combination
with gentamicin by disrupting membrane lipid bilayers and inducing membrane
permeabilization. The effects were further confirmed in a MRSA mouse deep-seated
thigh infection model shown by dramatic decrease of bacterial burden [78]. Similarly,
a clinically approved anthelmintic drug bithionol killed stationary-phase MRSA
planktonic and biofilm persisters alone or combined with gentamicin by disrupting
membrane lipid bilayers [79]. Another membrane-active agent NH125 and its analogs
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were identified and found to have potent biofilm eradication and rapid persister
killing efficacy in vitro [80-82]. ADEP4, as a potent activator of an important bacte-
rial protease ClpP, can cause uncontrolled protein degradation and subsequent cell
death. The combination of ADEP4 and rifampicin was shown to successfully eradicate
S. aureus biofilm persisters in vitro and clear a deep-seated murine thigh infection in
vivo [25]. However, the recipe failed to manage S. aureus biofilm infections in a mouse
skin infection model [83]. FDA-approved anti-cancer drugs mitomycin C and cis-
platin were found to effectively eliminate planktonic and biofilm persisters of E. coli,
S. aureus and P, aeruginosa via cross-linking DNA [84, 85]. Biofilm persisters derived
from different bacteria could be effectively eradicated by polymeric nanoemulsions
loaded with dual hydrophobic antimicrobials (eugenol and triclosan). Moreover, the
nanoemulsion eliminated 99% of pathogens in a murine model of mature wound bio-
film infections by MRSA [86]. In addition, halogenated phenazines showed the ability
to remove biofilms of several superbugs and kill the inherent persisters by inducing
rapid iron starvation [87, 88].

7. Conclusions

The discovery of persisters in bacterial biofilms is indeed a major breakthrough
in the realm of infection. Additional to antibiotic resistance, antibiotic tolerance
incurred by bacterial biofilms and their persisters has been recognized as the under-
lying reason for recalcitrance and relapse of infectious diseases. It is inspiring that
extensive studies have started to shed light on the molecular mechanisms behind bio-
film persisters and put forward the development of novel approaches against them.
Accumulating evidence has indicated that biofilm offer a protective environment
for persister formation and persisters are the responsible population for antibiotic
tolerance of biofilms. Targeting persisters is therefore a promising strategy to control
biofilm-related infections. Nevertheless, bacterial persistence involves complex and
redundant mechanisms, which are largely unexplored. Notably, current insights on
biofilm persisters are mainly based on in vitro studies, whereas the conditions in the
host would be more intricate. There is still a lack of direct evidence that persisters can
resume growth and repopulate biofilms in the host to cause relapse of infections. Due
to the frequent failure of current therapeutic methods, novel approaches are urgently
needed to effectively and safely combat persister-based biofilm infections. Further
studies are therefore highly warranted to uncover the mystery of persisters and
overcome the challenges of biofilm infections.
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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) poses a significant public
health threat, particularly due to its ability to form biofilms that enhance its virulence
and resistance to conventional antibiotic treatments. This chapter provides a compre-
hensive overview of MRSA strains, distinguishing between community-associated
(CA-MRSA) and healthcare-associated (HA-MRSA) strains and their implications for
infection management. We delve into the molecular mechanisms underlying biofilm
formation, emphasizing the roles of the polysaccharide intercellular adhesin (PIA)
and the mecA gene, which contribute to the enhanced biofilm production in MRSA
compared to methicillin-sensitive Staphylococcus aureus (MSSA). Importantly, we
investigate the potential of essential oils as innovative biofilm disruptors, highlighting
their diverse antibacterial properties and the specific active compounds that contrib-
ute to their efficacy against MRSA biofilms. The chapter also addresses the challenges
of integrating essential oils into clinical practice, including their safety, effectiveness,
and the potential for resistance development. By enhancing our understanding of
essential oils in biofilm management, we aim to provide insights that could lead to
improved strategies for preventing biofilm-associated infections and enhancing treat-
ment outcomes.

Keywords: essential oils, phytochemicals, quorum-sensing inhibition, natural biofilm
disruptors, plant-derived antimicrobials

1. Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) represents a significant public
health challenge due to its resistance to commonly used antibiotics, particularly
beta-lactams like methicillin. The two primary categories of MRSA strains are com-
munity-associated MRSA (CA-MRSA) and healthcare-associated MRSA (HA-MRSA).
HA-MRSA strains typically emerge in healthcare settings and are associated with
severe infections, leading to increased morbidity and mortality rates. In contrast,
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CA-MRSA strains are increasingly prevalent in community settings, often linked to
skin and soft tissue infections, and exhibit a remarkable capacity for rapid transmis-
sion among healthy individuals [1].

2. Biofilm formation by MRSA and MSSA and its significances

The formation of biofilms is a critical factor in the pathogenicity of both MRSA
and MSSA, contributing to chronic infections and complicating treatment strategies.
Biofilm production in Staphylococcus aureus is primarily facilitated by the polysac-
charide intercellular adhesin (PIA), encoded by the ica operon [2]. The mecA gene,
which promotes methicillin resistance in MRSA, has been demonstrated to enhance
biofilm development by inhibiting the accessory gene regulator (AGR) quorum-sens-
ing system, responsible for regulating virulence factors and biofilm formation [3].
Alterations in regulatory pathways result in a higher propensity for biofilm formation
in MRSA compared to MSSA, as evidenced by studies indicating that a significant
percentage of MRSA isolates are strong biofilm producers [4].

2.1 Differences between MRSA and MSSA biofilms

While both MRSA and MSSA can form biofilms, there are notable differences in
their biofilm-forming capabilities and associated virulence factors. Studies indicate
that MRSA strains generally exhibit a higher biofilm production rate compared to
MSSA strains [3, 5]. This is attributed to the unique genetic and phenotypic charac-
teristics of MRSA, including the presence of specific adhesins and regulatory systems
that promote biofilm formation [6, 7]. For example, the agr system, while downregu-
lated in MRSA, is more active in MSSA, leading to different biofilm dynamics [6].

Furthermore, the composition of the biofilm matrix may differ between MRSA
and MSSA, influencing their susceptibility to antibiotics and host immune responses
[2, 6]. Research has shown that the biofilm matrix of MRSA is more robust, providing
enhanced protection against antimicrobial agents and immune clearance compared
to that of MSSA [2, 8, 9]. This distinction is critical for developing targeted therapies
that can effectively disrupt biofilms and enhance treatment outcomes.

2.2 Strategies for biofilm disruption

Considering the difficulties associated with biofilm formation, numerous ways have
been investigated to disrupt biofilms and improve the effectiveness of antibiotic therapies.
This encompasses enzymatic therapies, such as DNase, which can destroy extracellular
DNA in the biofilm matrix, thereby disrupting the structure and rendering bacteria more
vulnerable to antibiotics [10, 11]. Additionally, novel antimicrobial agents and combina-
tions of existing antibiotics with biofilm-disrupting agents are being investigated to
improve treatment outcomes for biofilm-associated infections [1, 9, 12].

Recent studies have also explored the potential of photothermal therapy and nano-
technology to target biofilms effectively. For instance, the use of photothermal agents
that can generate localized heat has shown promise in eradicating biofilms formed
by MRSA [1]. Moreover, the development of nanoparticles that can penetrate biofilm
layers and deliver antimicrobial agents directly to the bacterial cells is an exciting area
of research that may lead to more effective treatment modalities [2].
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3. What is so special in MRSA biofilms?

One of the defining features of MRSA biofilms is their composition shown
in Figure 1, which includes polysaccharides, proteins, and extracellular DNA
(eDNA).

The polysaccharide intercellular adhesin (PIA) is a critical component that
facilitates biofilm formation by promoting cell-to-cell adhesion. Interestingly,
MRSA can form biofilms independently of the ica operon, which is typically
required for biofilm formation in methicillin-sensitive Staphylococcus aureus
(MSSA) [3, 4]. This ability allows MRSA to establish biofilms in various environ-
ments, including on medical devices, which significantly increases the risk of
persistent infections. The protective nature of biofilms is attributed to their EPS
matrix, which acts as a barrier against antimicrobial agents and immune cells.
Research indicates that bacteria within biofilms can demonstrate resistance to
antibiotics that is up to 1000 times greater than that of their planktonic coun-
terparts [5]. This resistance arises not only from the physical obstruction of the
biofilm matrix but also from metabolic alterations inside the biofilm that modify
the bacteria’s vulnerability to antibiotics.

4. Why do we need to investigate MRSA biofilms?

Methicillin-resistant Staphylococcus aureus (MRSA) poses a considerable public
health concern owing to its capacity to form biofilms, which enhance its virulence
and treatment resistance [6]. The study of MRSA biofilms is essential for formulating
viable therapeutic approaches and comprehending the mechanisms that drive MRSA
infections.
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4.1 Challenges in treating MRSA biofilms

The treatment of MRSA infections becomes complicated by biofilms, which
can render traditional drugs ineffective. Studies demonstrate that biofilm-
associated bacteria can display resistance to drugs that is up to 1000 times greater
than that of their planktonic counterparts [7, 8]. This resistance can be attributed
to multiple mechanisms, including the diminished penetration of antibiotics
through the biofilm matrix and the modified metabolic state of the bacteria
within the biofilm [8, 9].

Recent studies have highlighted the need for novel therapeutic approaches to
combat MRSA biofilms. For example, the use of combination therapies, such as anti-
biotics paired with antibiofilm agents, has shown promise in enhancing the efficacy
of treatment against biofilm-associated MRSA [10]. Additionally, the development of
new materials and coatings that can prevent biofilm formation on medical devices is
an area of active research [11, 12].

4.2 Novel therapeutic strategies

Investigating MRSA biofilms has led to the exploration of various novel therapeu-
tic strategies. One promising approach involves the use of natural compounds that
exhibit antibiofilm properties. For instance, compounds like geraniol and cinnamal-
dehyde have demonstrated the ability to inhibit biofilm formation and enhance the
effectiveness of traditional antibiotics [2, 13, 14]. These natural products could serve
as adjunct therapies to improve treatment outcomes for MRSA infections.

Moreover, the integration of nanotechnology in the development of drug deliv-
ery systems has shown potential in targeting MRSA biofilms. Nanoparticles can be
engineered to deliver antibiotics directly to the biofilm, increasing local concentra-
tions and improving efficacy [11]. This targeted approach may help overcome the
challenges posed by biofilm-associated antibiotic resistance.

5. Control of MRSA biofilms-strategies and approaches

MRSA biofilms are characterized by their complex architecture, which includes
extracellular polymeric substances (EPS) such as polysaccharides, proteins, and
extracellular DNA (eDNA) [13, 15]. These components not only provide structural
integrity but also contribute to the biofilm’s resistance to antimicrobial agents. The
development of biofilms is governed by multiple genetic elements, especially the
icaADBC operon, which is essential for intercellular adhesion and biofilm maturation
[16, 17]. Understanding these mechanisms is essential for developing effective treat-
ment strategies.

5.1 Antibiotic combinations and novel agents

One of the most promising approaches to combat MRSA biofilms involves the
use of antibiotic combinations. For instance, the combination of vancomycin and
Zhengqi granules has shown improved efficacy against MRSA biofilms compared to
vancomycin alone [6]. Similarly, the use of zinc imidazole framework nanoparticles
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has been reported to disperse MRSA biofilms by inhibiting arginine biosynthesis and
down-regulating adhesion-related proteins [15].

Moreover, the incorporation of natural compounds has gained attention. For
example, geraniol has been shown to inhibit biofilm formation and enhance the
therapeutic effect of vancomycin iz vivo [13]. Additionally, the methanolic extract of
Hemidesmus indicus root has been reported to augment the antibacterial and antib-
iofilm activity of conventional antibiotics like amoxicillin and clindamycin against
MRSA [18]. These natural compounds may offer alternative strategies to enhance the
efficacy of existing antibiotics.

5.2 Targeting biofilm matrix components

Targeting the biofilm matrix itself is another effective strategy. The degradation
of eDNA, a critical component of the biofilm matrix, has been shown to significantly
reduce biofilm formation and facilitate eradication [13]. Enzymatic treatments, such
as the application of DNase I, can disrupt the biofilm structure and enhance the
susceptibility of MRSA to antibiotics [13]. Furthermore, the use of nanoparticles that
release reactive oxygen species has been proposed to degrade the biofilm matrix and
enhance antibiotic penetration [19].

5.3 Probiotics and antimicrobial peptides

The role of probiotics and antimicrobial peptides in controlling MRSA biofilms is
an emerging area of research. Probiotic strains, such as Bacillus subtilis, have demon-
strated the ability to neutralize MRSA biofilms through their bacteriocin production
[20]. Additionally, synthetic antimicrobial peptides have shown promise in disrupt-
ing biofilm formation and enhancing the host immune response against MRSA [8].
These approaches leverage the natural mechanisms of microbial competition and host
defense to combat biofilm-associated infections.

5.4 Photothermal and photodynamic therapies

Innovative therapies, such as photothermal and photodynamic therapies, are
being explored for their potential to eradicate MRSA biofilms. Near-infrared light-
activatable nanoparticles have been shown to combat established MRSA biofilms
while simultaneously reducing inflammation [21]. Photodynamic therapy employs
light-activated chemicals to produce reactive oxygen species, effectively compromis-
ing biofilm integrity and augmenting antibiotic effectiveness [6, 22]. This discrepancy
can be attributed to multiple factors, including the diminished penetration of antibi-
otics through the biofilm matrix and the modified metabolic state of bacteria residing
within biofilms. These conditions may result in a quiescent or persister phenotype
that exhibits reduced susceptibility to antibiotic intervention [14].

Moreover, the genetic basis for biofilm formation in MRSA involves multiple
regulatory systems, including the accessory gene regulator (agr) and the intercellular
adhesion (ica) locus. These systems modulate the expression of virulence factors
and biofilm-related genes, enhancing the bacteria’s ability to form biofilms and resist
antibiotic treatment [23, 24]. The mecA gene, responsible for methicillin resistance,
also indirectly influences biofilm formation by affecting the expression of other genes
involved in virulence and adhesion (Table 1) [24, 30].
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Antibiotic Mechanismof  Effectiveness Limitations Advantages References

name action against biofilms

Vancomycin Inhibits cell First-line The emergence Established [11, 25]
wall synthesis treatment for of vancomycin- efficacy
by binding to MRSA; limited intermediate and againsta
D-Ala-D-Ala penetrationinto  resistant strains wide range of
terminus of biofilm matrix; complicates treatment ~ Gram-positive
peptidoglycan requires high options. bacteria; well-
precursors. concentrations studied and

for effectiveness. widely used.

Daptomycin Binds to Effective against  Less effective against Rapid [12]
bacterial early-stage mature biofilms; best bactericidal
membrane, biofilms; used in combination activity;
causing bypasses some with other antibiotics.  effective
depolarization biofilm defenses. against
and cell death. resistant

strains of
MRSA.

Linezolid Inhibits protein ~ Good tissue Long-term use Oral and [26]
synthesis by penetration; is limited by intravenous
preventing effective side effects like formulations
initiation for severe thrombocytopenia available;
complex biofilm-related and neuropathy; effective
formation. infections (e.g., reserved for severe against multi-

bone, joint). cases. drug-resistant
bacteria.

Ceftaroline Higher affinity ~ Viable option for ~ Requires higher Broad [27]
for PBP2a, MRSA infections  doses for effective spectrum
a penicillin- but has limited concentrations, of activity
binding protein  effectiveness increasing theriskof ~ against
associated against biofilm-  adverse side effects. both MRSA
with MRSA associated and other
resistance. infections due Gram-positive

to structural pathogens.
barriers.

Tigecycline Inhibits protein ~ Potential option ~ Limited penetration Effective [28]
synthesis, against MRSA into biofilm matrix; againsta
offering broad biofilms; less often requires wide range
spectrum vulnerable combination therapies  of bacteria,
activity against ~ to common for effectiveness. including
resistant resistance those resistant
strains. mechanisms. to other

antibiotics.

Rifampicin Disrupts RNA Valuable in Rapid resistance Effective at [16, 29]
synthesis combination development when penetrating
by binding therapy for used alone; requires biofilms and
to DNA- biofilm- careful monitoring inhibiting
dependentRNA  related MRSA due to hepatotoxicity. ~ bacterial
polymerase. infections, metabolism;

particularly synergistic
with medical effects in
implants. combination
therapy.
Table 1.

Comparative analysis of antibiotics for MRSA biofilm treatment.
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6. Antibiotic strategies against MRSA biofilms

The treatment of MRSA biofilms requires innovative strategies due to their inher-
ent resistance mechanisms. Traditional antibiotics, such as beta-lactams and vanco-
mycin, often fail to effectively penetrate and eradicate biofilm-associated bacteria.
However, recent research has explored various approaches to enhance the efficacy of
these antibiotics against MRSA biofilms. For instance, the use of combination thera-
pies, where antibiotics are paired with biofilm-disrupting agents, has shown promise
in overcoming the protective barriers of biofilms [4, 31, 32].

Furthermore, novel antimicrobial peptides and natural compounds are being
investigated for their ability to inhibit biofilm formation and enhance the effective-
ness of conventional antibiotics. For instance, melittin, a peptide derived from bee
venom, has demonstrated significant antibiofilm activity when used in conjunction
with penicillin and oxacillin against multidrug-resistant MRSA [8, 33]. Similarly, the
incorporation of nanoparticles into antibiotic formulations has been shown to improve
the delivery and efficacy of antibiotics against biofilm-associated MRSA [24, 30].

7. Essential oils on MRSA biofilms

Methicillin-resistant Staphylococcus aureus (MRSA) poses a significant threat in
clinical environments due to its capacity to form biofilms, which serve to shield the
bacteria from both the host’s immune response and antibiotic therapies. Essential oils
(Eos) have emerged as promising agents against MRSA biofilms, exhibiting anti-
microbial properties that can disrupt biofilm formation and enhance the efficacy of
conventional antibiotics. This chapter synthesizes recent findings on how EOs affect
MRSA biofilms, focusing on their mechanisms of action, effectiveness, and potential
applications in clinical settings. Different constituents of essential oils are mentioned
in Figure 2 that exhibit antimicrobial properties against MRSA.

7.1 Mechanisms of action of essential oils against MRSA biofilms

Essential oils exert their antimicrobial effects through various mechanisms,
primarily targeting the bacterial cell membrane. For instance, studies have shown
that components like carvacrol and thymol can disrupt the integrity of the bacterial
membrane, leading to increased permeability and cell lysis [34, 35]. The disruption of
membrane integrity is crucial as it allows for the leakage of intracellular components,
which is detrimental to bacterial survival.

Moreover, the interaction of EOs with bacterial membranes can alter membrane
potential and adenosine triphosphate (ATP) synthesis, further compromising
bacterial viability [34]. This is particularly relevant for MRSA, which relies on its
membrane integrity for maintaining homeostasis and resisting external stressors. The
ability of EOs to modulate membrane properties enhances their effectiveness against
biofilms, which are notoriously difficult to penetrate due to their dense extracellular
matrix [3]. The mechanism of action of essential at glace is shown in Figure 3.

7.2 Inhibition of biofilm formation

Recent studies have shown that essential oils can markedly impede biofilm forma-
tion in MRSA. For example, Kim et al. reported that Pinus koraiensis essential oil
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Chemical Composition of Essential OQils

B Terpenes M Phenolics MAlcohols M Esters B Ketones and Other Minor Constituents

Figure 2.
A pie chart illustrating the major chemical constituents (e.g., terpenes, phenolics, aldehydes) found in various
essential oils that exhibit antimicrobial properties against MRSA.

inhibited biofilm formation by up to 96.1% at optimal concentrations [26]. Similarly,
Ghazal et al. found that Origanum majorana extracts and its essential oil components
effectively inhibited biofilm formation in MRSA, with inhibition rates ranging from
36% to 86% [36]. This inhibition is crucial as biofilm formation is a key factor in the
persistence of MRSA infections.

The mechanisms underlying the inhibition of biofilm formation by EOs may
involve the downregulation of virulent genes associated with biofilm development.
For instance, thymol has been shown to inhibit the expression of the sarA gene in
MRSA, which is critical for biofilm formation [27]. This suggests that EOs not only
disrupt existing biofilms but also prevent the initial stages of biofilm development by
targeting specific genetic pathways.

7.3 Synergistic effects on antibiotics

The combination of EOs with conventional antibiotics has shown promising
results in enhancing antimicrobial efficacy against MRSA. For instance, studies
have indicated that carvacrol can enhance the activity of antibiotics like oxacillin
by increasing membrane permeability, thereby allowing greater penetration of
the antibiotic into the bacterial cell [34, 35]. This synergistic effect is particu-
larly important in the context of MRSA, which is often resistant to multiple
antibiotics.

Sreepian et al. demonstrated that citrus essential oils combined with
gentamicin exhibited synergistic effects against MRSA, suggesting that the
lipophilic nature of these oils facilitates their interaction with the bacterial
membrane, enhancing the overall antimicrobial activity [37]. Such combinations
could provide a viable strategy for overcoming antibiotic resistance in MRSA
infections.
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Mechanism of action of essential oil.

7.4 Chemical composition of essential oils

The antimicrobial activity of EOs is largely attributed to their complex chemical
composition, which includes various phenolic compounds, terpenes, and aldehydes.
For example, the essential oil from Croton conduplicatus has been shown to affect the
membrane integrity of MRSA strains, facilitating the action of other antimicrobial
agents [3]. The presence of compounds like p-cymene and citral in EOs has been
linked to their ability to disrupt biofilm formation and enhance the susceptibility of
MRSA to antibiotics [29].

Furthermore, the specific composition of EOs can influence their effectiveness
against MRSA biofilms. For instance, the study by Liu et al. highlighted that the
essential oil extracted from Carum carvi L. seeds exhibited significant antibacterial
properties, suggesting that the specific metabolites present in EOs play a critical role
in their antimicrobial efficacy [25]. This underscores the importance of understand-
ing the chemical profiles of EOs to optimize their use in clinical applications. The
application of EOs in clinical settings offers a promising alternative to combat MRSA
infections, particularly in the context of biofilm-related complications. The ability
of EOs to inhibit biofilm formation and enhance the efficacy of existing antibiotics
positions them as valuable adjuncts in the treatment of MRSA infections [38].

8. Antimicrobial efficacies of essential oils against drug-resistant strains

The increasing prevalence of drug-resistant bacterial strains poses a significant
challenge to global health. Traditional antibiotics are becoming less effective,
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necessitating the exploration of alternative antimicrobial agents. Essential oils (EOs),

derived from various plants, have garnered attention for their potential antimicrobial

properties. This chapter synthesizes recent findings on the antimicrobial efficacies of

EOs against drug-resistant strains, highlighting their mechanisms of action, effective-
ness, and potential applications in combating antibiotic resistance.

8.1 Mechanisms of action of essential oils

Essential oils exhibit antimicrobial activity through various mechanisms, primar-
ily targeting the bacterial cell membrane. The disruption of membrane integrity
leads to increased permeability, resulting in cell lysis and death. For instance, the
essential oils of Curcuma longa and Syzygium aromaticum have been shown to disrupt
the cytoplasmic membrane of multiple drug-resistant bacteria, effectively inhibiting
their growth [39]. Additionally, the multi-target nature of EOs allows them to affect
various cellular processes, which is a significant advantage over conventional antibi-
otics that typically target a single pathway [40].

The chemical composition of EOs plays a crucial role in their antimicrobial
efficacy. Compounds such as phenols, terpenes, and aldehydes contribute to their
bioactivity. For example, Thymus fallax essential oil has demonstrated strong antibac-
terial and antibiofilm activities against oral pathogens, attributed to its high phenolic
content [41, 42]. Furthermore, the synergistic effects of combining EOs with con-
ventional antibiotics have been explored, revealing enhanced antimicrobial activity
against resistant strains [43].

8.2 Efficacy against specific drug-resistant strains

Recent studies have highlighted the effectiveness of various EOs against specific
drug-resistant strains. For instance, Cinnamomum cassia essential oil has shown
potent activity against vancomycin-resistant Enterococci, with significant reductions
in bacterial viability observed in vitro [36]. Similarly, Melaleuca alternifolia (Tea Tree
Oil) has been effective against methicillin-resistant Staphylococcus aureus (MRSA),
demonstrating its potential as an alternative treatment option [44].

Furthermore, essential oils obtained from citrus species, such as citrus sinensis,
have demonstrated extensive antibacterial efficacy against both Gram-positive
and Gram-negative bacteria, including resistant strains such as Pseudomonas
aeruginosa and Klebsiella pneumoniae [37, 45]. The essential oil from Zingiber cas-
sumunar has also been reported to inhibit extensively drug-resistant Acinetobacter
baumannii within 1 hour of treatment, showcasing its rapid action against resis-
tant pathogens [46].

8.3 Synergistic effects with conventional antibiotics

The combination of EOs with conventional antibiotics has been shown to enhance
antimicrobial efficacy, particularly against resistant strains. For example, the com-
bination of lavender and fennel essential oils with amoxicillin has demonstrated
synergistic effects, significantly improving the antibacterial activity against resistant
bacteria [47]. This synergism is attributed to the ability of EOs to disrupt bacterial
membranes, making them more susceptible to antibiotics [43].

Additionally, studies have indicated that the incorporation of EOs into antimicro-
bial films can enhance their effectiveness. For instance, clove and cinnamon essential
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oils incorporated into poly(butylene adipate-co-terephthalate) films showed promis-
ing antimicrobial properties against various pathogens, suggesting potential applica-
tions in food preservation and packaging [48].

8.4 Potential applications in food preservation and healthcare

The antimicrobial properties of EOs extend beyond clinical applications; they
also hold promise in food preservation. EOs can be utilized as natural preserva-
tives to inhibit the growth of foodborne pathogens, thereby extending food life
and ensuring food safety. For instance, Trachyspermum ammi essential oil has
demonstrated significant antibacterial activity against Streptococcus mutans,

a common foodborne pathogen [49, 50]. Furthermore, the use of EOs in food
packaging materials has been explored, with studies indicating their effectiveness
in reducing microbial contamination [51].

In healthcare, EOs can serve as adjunct therapies in managing infections caused
by drug-resistant bacteria. Their ability to inhibit biofilm formation, a common trait
of resistant strains, makes them valuable in treating chronic infections [52]. The
incorporation of EOs into wound dressings has also been investigated, with promising
results in promoting healing and preventing infections [53].

9. Future perspectives and clinical implications

Research has demonstrated that essential oils derived from plants such as Curcuma
longa and Syzygium aromaticum exhibit potent antimicrobial activity against MRSA,
with effective concentrations reported as low as 25 pL/mL [39]. Similarly, eucalyptus
oil has been shown to enhance its antibacterial effects when encapsulated, reduc-
ing its volatility and increasing its stability against environmental factors [54]. The
systematic review of eucalyptus oil’s efficacy against MRSA highlights its potential
as a natural alternative to conventional antibiotics, particularly in the face of ris-
ing antibiotic resistance [54]. Furthermore, essential oils like thyme and cinnamon
have been reported to significantly inhibit the expression of biofilm-related genes in
MRSA, thereby reducing biofilm formation [55].

The synergistic effects of combining essential oils with conventional antibiot-
ics have also been a focal point of recent research. For instance, the combination of
gentamicin with lavender essential oil has shown promising results in enhancing
antibacterial activity against MRSA strains [56]. This synergy not only improves the
efficacy of existing antibiotics but also offers a strategic approach to overcoming
the challenges posed by antibiotic resistance. The interaction of essential oils with
antibiotics can enhance membrane permeability and disrupt biofilm integrity, leading
to increased susceptibility of MRSA to treatment [57].

Proteomic studies have also provided insights into the mechanisms by which
MRSA biofilms respond to treatment with essential oils and antibiotics. These studies
reveal that essential oils can modulate the expression of genes associated with biofilm
formation and virulence, thereby enhancing the susceptibility of MRSA to antibiotic
treatment [55]. For example, essential oils have been shown to affect the expression
of genes related to biofilm matrix production, which is crucial for the structural
integrity of biofilms [58]. This modulation of gene expression, combined with the
physical disruption of biofilms, underscores the potential of essential oils as adjunc-
tive therapies in the treatment of MRSA infections.
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10. Conclusion

In conclusion, the integration of essential oils into the therapeutic arsenal against
MRSA biofilms presents a promising avenue for enhancing infection management.
Future research should focus on elucidating the molecular interactions between
essential oils and MRSA, employing advanced techniques such as molecular docking
and genomic analysis to identify the specific pathways and mechanisms affected by
these compounds. Clinical trials are crucial to evaluate the safety, efficacy, and opti-
mal dosing regimens of essential oils in human subjects, particularly among patients
with chronic MRSA infections. Given the challenges posed by MRSA’s multidrug resis-
tance, especially with the rise of vancomycin-intermediate and vancomycin-resistant
strains, the role of biofilms in complicating treatment regimens is critical. Essential
oils may offer a novel approach to disrupt these biofilms, thereby enhancing the effec-
tiveness of existing antibiotics and reducing the incidence of recurrent infections.
Continued exploration of alternative treatment modalities, including the synergistic
use of essential oils with traditional antibiotics, phage therapy, and nanoparticle-
based interventions, will be essential. Ultimately, a multidisciplinary approach that
combines rigorous research, clinical evaluation, and innovative therapeutic strategies
will be vital in combating the clinical and community impacts of MRSA.
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Chapter 8

Natural Antimicrobials:

The Anti-Biofilm Potential of
Garlic and Thyme Essential Oils
against Salmonella typhimurium

Alaa T Qumsani

Abstract

Salmonella typhimurium is a pathogenic bacterium that presents significant
challenges in food processing environments, primarily due to its ability to form
biofilms, which confer resistance to traditional cleaning protocols and antimicro-
bial treatments. With the increasing prevalence of antibiotic-resistant strains, the
exploration of natural antimicrobials, particularly garlic (Allium sativum) and
thyme (Thymus vulgaris) essential oils, has become increasingly important. This
chapter investigates the antibacterial and anti-biofilm properties of these essential
oils, highlighting their ability to disrupt quorum sensing, inhibit biofilm formation,
and suppress virulence factors. The potential applications of these oils as natural
preservatives in food safety are discussed, presenting a promising natural approach
to combating microbial contamination and enhancing food safety.

Keywords: Salmonella typhimurium, pathogenic bacterium, biofilm formation,
antibiotic-resistant strains, garlic essential oil (Allium sativum), thyme essential oil
(Thymus vulgaris), quorum sensing disruption, antibacterial properties, anti-biofilm
activity, natural antimicrobials, food safety, natural preservatives

1. Introduction

In recent years, the issue of food safety has increasingly garnered attention from
public health experts, consumers, and regulatory agencies, primarily due to the per-
sistent threat posed by foodborne pathogens such as Salmonella typhimurium [1]. This
particular strain of Salmonella is renowned for its ability to contaminate a wide array of
food products, leading to significant health risks and economic losses [2]. The capac-
ity of S. typhimurium to form robust biofilms enables it to adhere to surfaces within
food processing environments, creating a protective matrix that facilitates its survival
and resistance to cleaning and sanitizing efforts [3]. Consequently, biofilms not only
complicate contamination control but also serve as reservoirs for persistent infections,
ultimately leading to outbreaks with serious public health ramifications [4].
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Compounding this issue is the alarming rise in antibiotic resistance among bacte-
rial strains, including S. typhimurium, which reduces the efficacy of conventional
antibiotic treatments and highlights the urgent need for alternative interventions
[5]. As the limitations of traditional antimicrobial strategies become evident, there is
growing interest in exploring natural and holistic approaches to food safety that can
mitigate the risks associated with antibiotic-resistant pathogens [6]. Natural antimi-
crobials, particularly those derived from plants, have attracted significant interest
due to their ability to offer effective antibacterial properties with fewer side effects
compared to synthetic alternatives [7].

This chapter explores the potential of garlic (Allium sativum) and thyme (Thymus
vulgaris) essential oils as promising natural agents in the fight against biofilm forma-
tion and microbial contamination [8]. The unique phytochemical composition of
these essential oils contributes to their multifaceted mechanisms of action, which
include the suppression of virulence gene expression, disruption of bacterial com-
munication pathways through quorum sensing, and interference with adherence
mechanisms used by bacteria to colonies surfaces [9]. By investigating the efficacy
and safety of these natural compounds, this chapter aims to shed light on their role as
viable alternatives to traditional preservatives and antimicrobials in the food industry
[10]. Ultimately, the exploration of garlic and thyme essential oils underscores the
potential for sustainable and innovative strategies to enhance food safety, combat
antibiotic-resistant pathogens, and promote a healthier food supply [11].

Salmonella typhimurium is a significant pathogen that poses serious challenges to
public health, particularly in food safety [12]. Understanding the characteristics of
S. typhimurium is crucial to addressing its impact on health and hygiene practices in
food processing environments [13]. This bacterium is notorious for its ability to form
biofilms, which are structured communities of bacteria enmeshed in a self-produced
matrix of polymeric substances [14]. Biofilms not only enhance bacterial resistance
to environmental stresses and disinfectants but also promote persistence on surfaces
of food-processing equipment [15]. The formation of biofilms is a crucial factor that
contributes to the survival and proliferation of S. typhimurium in various settings,
facilitating its transmission through contaminated food products [16]. The presence
of biofilms can lead to persistent contamination of food processing facilities, resulting
in recurrent outbreaks of salmonellosis [17]. Moreover, the resilient nature of biofilms
complicates eradication efforts, making routine cleaning and sanitization protocols
less effective [18]. Understanding the biofilm-forming abilities of S. typhimurium is
essential for developing targeted strategies to minimize its persistence in the food
supply chain, thereby reducing the risk of salmonellosis outbreaks and addressing
broader public health implications [19].

The antibacterial properties of garlic (Allium sativum) and thyme (Thymus
vulgaris) essential oils have been extensively researched, revealing their effectiveness
as natural antimicrobial agents against a variety of pathogens, including Salmonella
typhimurium [20]. Garlic essential oil is particularly renowned for its rich composition
of bioactive compounds, among which allicin is the most prominent [21]. Allicin, a
sulfur-containing compound released when garlic is crushed or chopped, has been
shown to possess potent antimicrobial activity [22]. Mechanistically, allicin exerts its
antibacterial effects primarily by disrupting the integrity of bacterial cell membranes
[23]. This disruption leads to increased permeability, allowing for uncontrolled influx
and efflux of ions and other small molecules essential for bacterial survival, ulti-
mately culminating in cell lysis [24]. Furthermore, garlic oil has been implicated in
the suppression of virulence gene expression within Salmonella [25], interfering with
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regulatory pathways that control the expression of factors crucial for virulence, such
as fimbriae and secreted toxins (Figure 1) [26].

In addition to garlic, thyme essential oil emerges as another significant natural
antimicrobial with a distinct mechanism of action [27]. Rich in phenolic compounds
such as thymol and carvacrol, thyme essential oil is recognized for its broad-spectrum
antibacterial properties [28]. Thymol acts by disrupting bacterial cell membranes
similarly to allicin but also targets the respiratory chain, leading to a decline in ATP
production and overall energy disruption within bacterial cells [29]. Carvacrol
complements this effect by interfering with biosynthetic pathways necessary for cell
wall synthesis and functioning [30]. Importantly, thyme oil has been demonstrated
to disrupt quorum sensing, a cell-to-cell communication process that bacteria use to
coordinate behaviors such as biofilm formation and virulence factor expression [31].
By inhibiting quorum sensing, thyme essential oil effectively diminishes the ability of
Salmonella to establish biofilms, crucial for its persistence in host environments and
food processing settings [32].

Moreover, the combination of garlic and thyme essential oils provides a synergistic
effect, enhancing their overall antimicrobial activity [33]. Research suggests that
when used in conjunction, these essential oils may potentiate each other’s effects,
leading to reduced minimum inhibitory concentrations and enhanced efficacy against
biofilm-forming pathogens [34]. This synergism is particularly valuable in food
safety applications, where preventing biofilm formation is essential in reducing the
risk of contamination and ensuring the safety of food products [35]. Additionally,
both garlic and thyme essential oils possess anti-inflammatory properties, which
can further mitigate the immune response triggered by foodborne pathogens [36],
offering potential therapeutic benefits in managing gastrointestinal infections caused
by Salmonella [37]. Overall, a comprehensive understanding of the antibacterial
properties, mechanisms of action, and potential synergistic effects of garlic and
thyme essential oils highlights their role as promising natural alternatives in combat-
ing antibiotic-resistant pathogens like Salmonella typhimurium, paving the way for
innovative applications in the food industry [38].

Quorum Sensing Disruption by Garlic and Thyme Essential Oils

Neormal Quorum Sensing =3 Bacterial Cell
N Autoinducer

X Disruption by Garlic/Thyme

Disrupted QS by Garlic and Thyme

Figure 1.

Quorum sensing and its disruption by garlic and thyme: illustrates the quorum sensing (QS) mechanism in
Salmonella typhimurium and how garlic (allicin) and thyme (thymol, carvacrol) essential oils disrupt this
process. On the left, bacterial cells communicate by releasing signaling molecules called autoinducers. As these
accumulate, they activate biofilm formation and virulence factors. On the right, garlic and thyme essential oils
interfere with this communication, disrupting membrane integrity, inhibiting quorum sensing, and reducing
biofilm formation, offering a natural approach to combating bacterial contamination [26].
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The application of garlic (Allium sativum) and thyme (Thymus vulgaris) essential
oils as natural preservatives in food safety is not only innovative but also represents
a significant advancement in addressing contemporary challenges faced by the food
industry [39]. In response to rising consumer demand for transparency in food label-
ing and increasing awareness of the potential adverse effects associated with synthetic
preservatives, manufacturers are progressively exploring natural alternatives [40].
Garlic essential oil, rich in bioactive compounds such as allicin and diallyl sulfones,
has garnered attention for its remarkable antimicrobial properties effective against a
spectrum of foodborne pathogens, including Salmonella typhimurium [41]. Allicin,
in particular, exhibits powerful antibacterial activity by disrupting bacterial cell
membranes and inhibiting enzyme function, thereby minimizing the risk of infec-
tion associated with contaminated food products [42]. Conversely, thyme essential
oil is characterized by high concentrations of thymol and carvacrol, which not only
demonstrate strong antibacterial activity but also possess antioxidant properties that
help preserve the flavor, color, and nutritional value of food items [43]. Integrating
these essential oils into food products holds significant promise for inhibiting bacte-
rial growth and biofilm formation, critical in extending the shelf life of perishable
goods such as meats, dairy products, and fresh produce [44].

Furthermore, the application of garlic and thyme essential oils as natural
preservatives aligns with the emerging trend of clean-label products sought by
consumers increasingly wary of artificial additives [45]. These essential oils can play
a dual role by acting as both antimicrobial and natural flavor enhancers, ensuring
that food remains safe for consumption and appealing to consumers’ palates [46].
Incorporating these essential oils into processing protocols can critically enhance
current food safety practices [47]. For instance, they can be employed in coating
technologies or incorporated into packaging materials, creating a barrier against
microbial contamination and providing a proactive solution to the issue of foodborne
pathogens [48].

Moreover, ongoing research continues to uncover the synergistic effects when
garlic and thyme essential oils are combined with other natural preservatives or food
processing techniques, suggesting a compounding effect that can further elevate
their antimicrobial efficacy [49]. Such findings imply that using these essential oils
could lead to more effective strategies in minimizing microbial loads not only during
production but also throughout the supply chain, including storage and distribution
[50]. The utilization of garlic and thyme essential oils positions the food industry to
effectively combat the rising tide of antibiotic-resistant microorganisms, which pose
severe public health challenges [51]. By embracing these natural antimicrobial agents,
food producers can better align with broader sustainability goals while enhancing
public health outcomes [52]. Overall, incorporating these essential oils into food
safety not only addresses immediate safety concerns but also contributes to a long-
term vision of promoting more sustainable, health-conscious practices in the food

industry [53].

2. Salmonella typhimurium biofilm formation

Biofilms are structured bacterial communities that provide protection to bac-
teria from environmental stressors, including disinfectants and antibiotics [19]. S.
typhimurium forms biofilms on various surfaces, making it difficult to remove from
food processing environments [20, 21]. The extracellular polymeric substance (EPS)

132



Natural Antimicrobials: The Anti-Biofilm Potential of Garlic and Thyme Essential Oils...
DOIT: http://dx.doi.org/10.5772/intechopen.1008461

matrix that forms biofilms acts as a barrier that reduces the effectiveness of antimi-
crobial agents, allowing bacteria to survive [22-24].

Quorum sensing (QS) plays a critical role in biofilm formation by regulating gene
expression in response to population density [25, 26]. Disruption of QS signaling has
been shown to inhibit biofilm formation, making it a promising target for controlling
S. typhimurium [27-29].

Essential oils, including those derived from garlic and thyme, have been shown
to interfere with quorum sensing, thereby inhibiting biofilm formation and reducing
bacterial virulence [30-32]. These findings suggest that natural antimicrobials could
be an effective alternative to synthetic antimicrobials in controlling microbial con-
tamination in food processing environments [33, 34].

3. Mechanisms of action of garlic essential oil

Garlic essential oil is known for its potent antimicrobial properties, primarily
due to the presence of allicin, a sulfur-containing compound released when garlic is
crushed [35-37]. Allicin disrupts bacterial cell membranes, increasing their perme-
ability and leading to cell death [38-40]. In addition, allicin interferes with quorum
sensing, which is essential for biofilm formation and bacterial virulence [41].

By inhibiting QS, garlic essential oil reduces the expression of biofilm-associated
genes, such as those responsible for fimbriae and flagella production, which are
necessary for bacterial adhesion and invasion [42, 43]. One study showed that garlic
essential oil reduced biofilm formation by over 80% in S. typhimurium [44].

Other compounds in garlic essential oil, such as diallyl sulfide and diallyl disulfide,
contribute to its broad-spectrum antimicrobial activity. These compounds have been
shown to inhibit the growth of various foodborne pathogens, including Escherichia
coli and Staphylococcus aureus [45-48]. The primary antimicrobial compounds in
essential garlic oil are listed in Table 1.

4. Anti-biofilm activity of thyme essential oil

Thyme essential oil is another natural antimicrobial with significant antibacterial
properties due to the presence of phenolic compounds such as thymol and carvacrol
[49-51]. Thymol and carvacrol disrupt bacterial membranes, increasing permeability
and leading to cell lysis [52, 53, 57]. These compounds also interfere with bacterial energy
production and the synthesis of cell walls, further inhibiting bacterial growth [58].

Essential oil Active compounds Antimicrobial activity Target pathogens
Garlic (Allium Allicin, Diallyl Disrupts bacterial cell Salmonella typhimurium, E.
sativum) sulfide, Diallyl membranes, inhibits quorum coli, S. aureus
disulfide sensing

Thyme Thymol, Carvacrol, Disrupts membrane integrity, S. typhimurium, Listeria
(Thymus p-Cymene inhibits cell wall synthesis monocytogenes, Bacillus cereus
vulgaris)

Table 1.

Antimicrobial compounds in garlic and thyme essential oils synergistic effects of garlic and thyme essential oils
[54-56]-
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Combination Minimum Inhibitory Reduction Mechanisms
Concentration (MIC) in biofilm
formation
Garlic + Thyme Lower MIC compared to >95% Membrane disruption, quorum
Essential Oils individual oils sensing inhibition, biofilm
breakdown
Table 2.

Synergistic effects of garlic and thyme essential oils against Salmonella typhimurium [70-72].

Research has shown that thyme essential oil is effective at inhibiting biofilm
formation in S. typhimurium by disrupting quorum sensing [59-61]. By reducing QS
signaling, thyme essential oil inhibits the expression of biofilm-related genes, mak-
ing it difficult for bacteria to form stable biofilms on food processing surfaces [62].
A study reported that thyme essential oil reduced biofilm formation by 70% in S.
typhimurium [63].

Thyme essential oil has also been shown to inhibit the growth of other food-
borne pathogens, such as Listeria monocytogenes, Bacillus cereus, and Campylobacter
jejuni [54-56]. The main bioactive compounds in the thyme essential oil are sum-
marized in Table 1.

When used together, garlic and thyme essential oils demonstrate a synergistic
effect that enhances their antimicrobial efficacy [64, 65]. Studies have shown that
combining these essential oils reduces the minimum inhibitory concentration
(MIC) required to inhibit bacterial growth, making them more effective at lower
concentrations [66, 67]. This is especially important in food safety applications,
where minimizing the concentration of antimicrobials is crucial for maintaining
food quality [68].

In one study, the combination of garlic and thyme essential oils reduced biofilm
formation by over 95% in S. typhimurium [69]. The synergistic effect is attributed to
the complementary mechanisms of allicin, thymol, and carvacrol. Allicin disrupts
bacterial membranes and inhibits quorum sensing, while thymol and carvacrol
weaken the bacterial cell wall, further enhancing the antimicrobial effect [70-72].
These results are summarized in Table 2.

5. Applications in food safety

Garlic and thyme essential oils offer significant potential as natural preservatives
and surface decontaminants in food safety applications [73, 74]. These oils can be
incorporated into food packaging materials or applied directly to food products to
prevent microbial contamination and extend the shelf life of perishable goods [75].
Their natural antimicrobial properties make them attractive alternatives to synthetic
preservatives, especially as consumers demand clean-label products [76, 77].

In food processing environments, garlic and thyme essential oils can be used to
disinfect surfaces and equipment, thereby reducing the risk of contamination by S.
typhimurium and other pathogens [78, 79]. The ability of these oils to reduce biofilm
formation on food processing surfaces makes them particularly effective for prevent-
ing contamination in packaged and ready-to-eat foods [80]. These applications are
summarized in Table 3.
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Application Essential oil used Mode of action Examples

Food Packaging Garlic, Thyme Antimicrobial coatings, Meat, dairy, fresh
encapsulation in packaging produce

Surface Garlic, Thyme Direct application on surfaces to Food processing

Decontamination inhibit biofilm formation equipment

Food Preservation Garlic, Thyme Reduces microbial contamination, Packaged foods,
extends shelf life ready-to-eat products

Table 3.

Summary of applications of essential oils in food preservation [80].

6. Conclusion

The persistent challenge posed by S typhimurium, particularly its capacity to form
resilient biofilms within food processing environments, underscores a critical concern in
modern food safety management [57]. This pathogenic bacterium not only jeopardizes
public health through potential contamination of various food products but has also
demonstrated an alarming ability to adapt and survive under harsh environmental
conditions, complicating effective control measures and food safety protocols [58]. The
rise of antibiotic-resistant strains has further exacerbated these challenges, rendering
conventional treatment options less effective and raising urgent questions about mitiga-
tion strategies [59]. Therefore, exploring and developing alternative strategies that can
effectively complement or replace antibiotic treatments is essential, focusing on natu-
rally derived solutions that are safe, effective, and widely acceptable to consumers [60].

In light of these pressing concerns, this chapter highlights the substantial prom-
ise of natural antimicrobials, such as garlic (Allium sativum) and thyme (Thymus
vulgaris) essential oils, in the ongoing battle against Salmonella biofilms [61]. These
essential oils, long celebrated for their traditional medicinal properties, are increas-
ingly recognized by the scientific community for their potent antibacterial activities
against a range of pathogens, including multidrug-resistant strains [62]. The unique
phytochemical compositions of garlic and thyme reveal sophisticated mechanisms of
action that not only inhibit bacterial growth but also target and disrupt critical cellular
processes essential for pathogenicity [63]. For instance, the ability of these essential
oils to suppress virulence gene expression represents a promising avenue for reducing
the pathogenic potential of Salmonella, while their interference with quorum sensing
pathways serves to disrupt communication systems that bacteria rely on for biofilm
formation and maturation [54]. Such multifaceted modes of action elevate garlic and
thyme essential oils to significant relevance in natural food preservation research [55].

Moreover, the implications of incorporating these essential oils into food safety
interventions extend beyond simple antibacterial effects; they pave the way for a more
holistic approach to food safety that prioritizes natural solutions over synthetic alterna-
tives, often met with increasing consumer skepticism and regulatory scrutiny [56]. As
consumers today become more health-conscious and demand cleaner and safer food
products, the strategic integration of garlic and thyme essential oils into food safety
protocols can enhance the safety of food products and potentially revolutionize current
industry practices by providing effective and sustainable alternatives to conventional
preservatives [64]. However, harnessing the full potential of garlic and thyme essential
oils requires further comprehensive research to elucidate their precise mechanisms
of action, optimal application methods, and potential interactions with various food
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components or processing conditions [65]. Understanding these factors will provide a
more nuanced comprehension of how these natural agents can be effectively utilized in
food processing systems while ensuring consumer safety and maximizing efficacy [66].

To that end, continued investigation into the bioactive compounds present in garlic
and thyme, as well as their synergistic effects with other natural preservatives, is essen-
tial in developing innovative food safety strategies that address both consumer expecta-
tions and foodborne pathogen challenges [67]. Ultimately, the strategic employment of
garlic and thyme essential oils signifies not only a proactive and innovative approach to
safeguarding public health but also represents a paradigm shift toward environmentally
sustainable practices in food production [68]. By embracing such innovative methods,
the food industry can proactively contribute to creating healthier food systems, safe-
guard consumer health, and play an important role in the broader global effort to combat
antibiotic resistance in foodborne pathogens [69]. This multidimensional strategy holds
the potential for improving food safety outcomes and reflects a profound commitment
to nurturing the health of both consumers and the environment, ensuring that future
generations can enjoy safe, wholesome food produced through sustainable means [70].

The persistence of S. typhimurium in food processing environments, particularly
through biofilm formation, presents a major challenge to food safety. Garlic and
thyme essential oils, with their potent antimicrobial and anti-biofilm properties, offer
a natural and effective alternative to synthetic antimicrobials [81-83]. By disrupting
quorum sensing, inhibiting biofilm formation, and reducing bacterial virulence, these
essential oils have the potential to revolutionize food safety practices and promote
cleaner, more sustainable food preservation methods [84, 85].

Further research is needed to optimize the application methods and concentra-
tions of these essential oils to fully harness their potential in combating foodborne
pathogens and ensuring the safety of food products [86-88].
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Abstract

The impact of antimicrobial resistance (AMR) on global health and the economy
is gradually increasing over time. This issue is further exacerbated by biofilms due
to their inherent mechanisms that worsen the conditions. Furthermore, biofilms
can limit the effectiveness of antibiotics and hinder changes in physiology and gene
expression that contribute to AMR. There are several ways biofilms promote the
development of AMR among various biofilm-associated bacteria. These include
mechanisms that obstruct antibiotic penetration to the matrix, the role of quorum
sensing, and the horizontal transfer of AMR genes. It is essential to prevent bacterial
biofilms using safer alternatives that can both prevent biofilms and control AMR.
Recently, phytochemicals have gained attention as natural products with antibiotic-
potentiating effects. Various studies have shown that phytochemicals play different
roles in disturbing biofilms, from affecting the extracellular matrix to targeting
quorum sensing and DNA replication. Additionally, challenges such as standardizing
the mechanisms of action could facilitate approval for therapeutic uses, thus helping
to demonstrate the potential use of phytochemicals against biofilms.

Keywords: biofilms, phytochemicals, antimicrobial resistance, antibiotic potentiation,
quorum sensing

1. Introduction

Biofilms exhibit distinct physiological properties compared to their planktonic
counterparts. Their study is critical for advancing our understanding of microbial
survival and pathogenicity to tackle various challenges caused by them including
diseases and antimicrobial resistance [1, 2]. Various intricate features of bacterial
cells were widely studied. However, the complex community structures of bacteria
forming a biofilm are intriguing as they are unexpected, orderly-arranged planktonic
cells coordinated to create a population that has more stability against variations in
the surrounding environment. They can be established either on a living or non-living
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surface. These characteristics and community features make the biofilms formed by
different pathogenic bacteria problematic [1, 3, 4]. Biofilms account for an economic
loss of US $4000 billion a year, and a significant part is due to various health hazards,
including food-borne infections and antimicrobial resistance [5, 6]. Additionally, the
National Institute of Health (NIH) reports reveal that most biofilms resist standard
antimicrobial treatment. Biofilms play a crucial role in increasing antimicrobial
resistance (AMR), as their structure makes bacteria less accessible to antibiotics.
Therefore, understanding the patterns of AMR is essential to tackling the effects
caused by these biofilms [6, 7].

The discovery of penicillin was a milestone in medical history that paved the way
to save millions of lives in the twentieth century [8]. Following that, newer antibiotics
were used against various pathogens, and subsequently, the resistance of these patho-
gens towards the antibiotics became stronger, causing more morbidity and mortality
associated with infectious diseases [9, 10]. Currently, the World Health Organization
(WHO), Centers for Disease Control and Prevention (CDC), and researchers across
the globe are giving priority to overcoming AMR by relying on antibiotic alternatives
and ways to use the available effectively [11-13]. This even includes biofilms, as they
can regulate diseases from periodontitis and food infections to cystic fibrosis [14-16].
Strategies include developing antibiotic alternatives or potentiating the currently
available antibiotics. Among the latter, phytochemicals have shown a significant role
in recent research [17, 18].

Phytochemicals are bioactive compounds obtained from plants that have
shown significant antibacterial effects on the planktonic cells and biofilms.

They control biofilms on various surfaces by taking advantage of antibiotics and
regulating mechanisms associated with structural formation rather than causing
a direct antibacterial effect [19]. There are multiple strategies for phytochemicals
targeting biofilms that can be further influenced using antibiotics. One crucial
strategy among them includes influencing the cell-to-cell interactions within
biofilms [20, 21]. These cell-to-cell communication are called quorum sensing,
which is essential for the robustness of biofilms’ structural and functional integ-
rity. However, phytochemicals disrupt quorum sensing, which will not develop
resistance against them but help disrupt the biofilm structure, enabling the anti-
biotics to act effectively [19, 21, 22]. They can also alter the motility of bacteria
by making structural changes in bacterial pili and fimbriae [22, 23]. In addition,
these phytochemicals can influence planktonic cells by inhibiting peptidoglycan
synthesis, disrupting the membrane, efflux pump inhibition, suppressing toxins
and virulence factors, which makes the antibiotics more effective against multi-
drug-resistant bacteria [20, 22]. Apart from this, phytochemicals are promising
antibiotic potentiators. Various phenolic compounds, phytoestrogens, limonoids,
terpenoids, carotenoid alkaloids, organosulfur compounds, and phytosterols have
shown promising antioxidant effects against bacteria that can also be used against
biofilms [23-25]. Phytochemicals are essential not only because of the mechanism
mentioned earlier but also due to their cost-effectiveness, minimal side effects,
and capacity for antibiotic potentiation, which is a possible solution against anti-
biotic resistance [22]. However, the challenges and limitations of phytochemicals
as antibiotic potentiators against biofilms also need to be considered.

Even though there are promising effects for phytochemicals against biofilms,
their mechanism of action is multifaceted, which means each molecule has multiple
targets, making the process complex. Moreover, identifying their mechanism of
action is a time-consuming process, especially regarding antibiotic potentiation, in
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which we need more knowledge about how each antibiotic reacts with a phytochemi-
cal molecule on a specific surface [26-28]. This is further complicated by the long
screening time of the bioassays, along with the lack of information about the toxicity
at cellular levels for phytochemical plus antibiotic combinations [26, 29]. However,
this can be resolved through high-throughput screening, multivariate data analysis,
and metabolomics. Additionally, newer therapeutic drug delivery strategies, such

as nanoparticle-based ones, might be another critical area of improvement that can
make more bioavailability of the phytochemicals at various biotic and abiotic surfaces
[30, 31]. Addressing this would help develop strategies that can control biofilms and
antimicrobial resistance and achieve a global impact in terms of human, animal, and
environmental health. This book chapter provides a detailed overview of biofilm-
associated antimicrobial resistance and the use of phytochemicals as antibiotic
potentiators to overcome the hurdles caused by biofilms.

2. Antimicrobial resistance and biofilms

In bacterial biofilms, cells are reversibly attached to biotic or abiotic surfaces,
which are intercalated with a matrix formed by the extracellular polymeric substances
(EPS), determining the biofilm architecture and phenotypic function. The matrix is
composed of various polysaccharides, proteins, lipids, extracellular DNA (eDNA),
cellulose, amyloids, pili, fimbriae, flagella, and water (97%) [32]. The bacteria
attach to biotic or abiotic surfaces when there is signal perception for biofilm forma-
tion, which is followed by attachment enhancement with the help of extracellular
appendages along with the use of adhesins and gene upregulation. This is followed
by microcolony formation along with EPS gene upregulation, which results in the
maturation of biofilm via quorum-sensing molecules, polysaccharides, and eDNA, as
demonstrated in Figure 1. However, when there is nutrient limitation or toxic product
accumulation, they will disperse to other locations with favorable environments for
further proliferation [33]. Along with this, the matrix also helps to provide tolerance
towards desiccation by forming hydrogel with the EPS components. Moreover, other
inorganic, organic, and metal ions will be sequestrated from the surface to give more
stability to the bacterial community [32].

L )

Attachment Microcolony Formation Maturation Dispersion

Figure 1.
Steps in biofilm formation.
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Microorganisms develop resistance to antibiotics over time. This might be due to
various mutations or transfers of genetic elements that have been undergone over
time, depending on the environmental and genetic conditions. Biofilms can impact
this antimicrobial resistance by not only through a mechanism that prevents antibi-
otic penetration but also due to various other mechanisms [34, 35]. For a particular
antimicrobial to be effective against planktonic cells associated with biofilms, it
should overcome high cell density, efflux pumps, antibiotic-modifying enzymes,
heterogeneity, hypoxia, reduced growth rates, persistent cells, and resistant mutants.
Moreover, the matrix plays a key role in determining which molecules to go inside
and interact with planktonic cells. However, the decreased penetration confers an
increased resistance that needs further validation [28]. The chemical reactions of the
antibiotics with various biofilm molecules might be a possible explanation of what
hinders the penetration of the bioactive antibiotic molecules deeper. Apart from that,
the role of exopolysaccharides in providing antibiotic resistance was also detected.
For example, Staphylococcus epidermidis strains, which produce exopolysaccharides,
were resistant to multiple antibiotics [36]. The extracellular matrix can be explained
as a warehouse for the antimicrobial resistance genes (ARGs), which can help confer
resistance to other bacteria and might aggravate the resistance and make the treat-
ments ineffective against various medical conditions [37]. Another possible contribu-
tor is the eDNA, which is important in regulating antibiotic resistance by underlying
mechanisms affecting the chelation of magnesium ions and triggering pathways
responsible for the development of antimicrobial resistance [33, 37]. Additionally, the
level of oxygen in the biofilm community and host immunity was also found to con-
tribute to the resistance mechanisms involved with the biofilms, which are discussed
in detail in the following section.

2.1 Involvement of biofilm exopolysaccharide

The formation of a thick biofilm matrix is correlated with the community’s
survival, and exopolysaccharides play an essential role in maintaining the thickness
and acting as physical and chemical diffusion barriers. Penetration of the antibiotic
into the matrix helps provide either antibiotic efficacy or tolerance [38]. Depleting
the antimicrobial agents due to the difficulty in penetration may lead to tolerance.
For example, with less penetration, antibiotic-modifying enzyme p- Lactamases can
degrade aminoglycosides. The EPS types differ among the bacterial species, which
may provide different specific functions [39]. The Pseudomonas aeruginosa EPS have
Pel, Psl, and alginate, which play a critical role in antimicrobial resistance in their
biofilms. Psl is very important for the initial attachment of the colonies and has been
shown to provide resistance against various antibiotics such as gentamycin, colistin,
polymyxin B, ciprofloxacin, and ceftazidime. Additionally, alginate primarily con-
tributes to mucoid colony formation. It protects the community from various anti-
biotics, host immune systems, ROS, and antimicrobial peptides, while Pel provides
tolerance and resistance antibiotics including aminoglycosides and fluoroquinolones
[40]. Apart from this, S. epidermidis has PNAG or PIA in the EPS, contributing to
various biofilm characteristics, from colonization to antimicrobial resistance [41].
Moreover, some biofilm EPS, such as galactan and glucofuranose shown to be involved
in blocking complement components that are important in immunity associated with
infections on the biotic surfaces. Overproduction of EPSs is another vital aspect that
would contribute to the development of antimicrobial resistance. The expression of
ica in S. epidermidis shows a relationship with antimicrobial resistance towards several
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antibiotics when given at sub-MIC concentration [36]. Another example would be
the sub-MIC use of imipenem against P, aeruginosa biofilms, which develops overex-
pression of the EPS component alginate, which confers an increased antimicrobial
resistance. This can be explained as the increased expression of the EPS, which can be
attributed to the pressure provided by antibiotics as it may increase the expression of
polysaccharides in the matrix, contributing to antimicrobial resistance [35].

The level of heterogeneity of the biofilm structure can also influence the exopoly-
saccharide types. $-1,3- glucan is an EPS component produced by Candida albicans
biofilms, which provide ofloxacin resistance. When Candida is associated with other
bacteria, such as E. coli or Salmonella, these biofilms also become resistant to ofloxa-
cin, which can be explained by the heterogeneous nature of the biofilms’ EPS [42].
There are additional antibacterial effects from the EPS-associated polysaccharides as
they can be acetylated to become polycationic, increasing the antimicrobial resistance
property through different mechanisms, such as electrostatic repulsion from charged
antibiotics. Moreover, the other negatively charged components in the biofilm’s
matrix can interact with these cationic polysaccharides to develop delayed penetra-
tion, contributing to antibiotic tolerance and resistance [39]. Exopolysaccharides of
the biofilms were found to influence quorum sensing in the case of antibiotic resis-
tance. S. aureus uses auto-inducing proteins (AIPs) to take part in the quorum sensing
of the biofilm structure and have a key role in antimicrobial resistance by regulat-
ing various sensor kinases and preventing the biofilms from resensitizing against
antibiotics [41]. Apart from this, the efflux pumps, such as the RND superfamily
in Pseudomonas, have mechanisms that influence the antimicrobial resistance in the
coming sections. However, most of the mechanisms of resistance are associated with
the exopolysaccharide, and it is important to note its significance so that mitigation
methods can be targeted based on the EPS.

2.2 Involvement of biofilm eDNA

Genomic DNA (gDNA) is the structure associated with a cell that is packaged
inside to coordinate various cellular activities. In biofilms, DNA is present outside
the cell in the matrix to coordinate the function of the community, which is called
the eDNA. The eDNA coordinates various functions such as maintaining the matrix
integrity, participating in host defense responses, maintaining the distribution of
charges in the matrix, antibiotic resistance and horizontal gene transfer [43]. Quorum
sensing is important to the survival of the biofilms as they impact the cell lysis, which
results in the formation of eDNA. Additionally, they are released in the matrix by
various other mechanisms such as prophage-mediated release, vesicle-mediated
release and various other unknown mechanisms. As mentioned, antibiotics such as
aminoglycosides are positively charged and can interact with the negatively charged
eDNA molecules to hinder penetration. Moreover, it can participate in forming a
physical shield with the host extracellular DNA against antibiotics such as tobramycin
to increase resistance [44]. The significant aspect related to the biofilm eDNA is its
role in horizontal gene transfer (HGT), which helps distribute AMR genes among
large bacterial populations. Extended-spectrum f-lactamase resistance genes such
as blacrx.m and blaypy 1 were found to be transferred through HGT associated with
biofilms. Among the three mechanisms associated with HGT, conjugation of the AMR
gene is reported as the most common mechanism. Interestingly, HGT is reported
more frequently in biofilms compared to its planktonic counterparts. The reasons are
the wide availability of the AMR genes and eDNA in the community along with its
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heterogeneous nature. For example, pbp2x which is an important penicillin resistance
gene, has shown to be transferred between different species of Streptococcus in oral
biofilms conferring resistance [45]. Besides this, eDNA takes part in antimicrobial
resistance through indirect mechanisms involving sequestration of divalent cations
such as Mn?*, Ca**, Mg2+, and Zn” to influence the function of various AMR genes in
biofilms. For example, the PhoQ is a sensor in various gram-negative bacteria that
detects the Mg*" and it helps activate various virulence factors. However, in the case
of biofilms, cation chelation by DNA is shown to trigger the expression of antibiotic-
resistance genes [46]. Moreover, the involvement of eDNA in neutrophil extracellular
traps and pattern recognition would make it an excellent component to target antibio-
film activity.

2.3 Involvement of efflux pumps

Bacterial efflux pumps are critical components that help to reduce the influence
of endogenous substances that hinder the growth of bacteria. They are of six super-
families including, ATP-binding cassette (ABC), Major Facilitator (MFS), resistance
nodular division (RND), small multidrug resistance (SMR), multidrug and toxic
compound extrusion (MATE) and drug metabolite transporter (DMT). They help the
bacteria to pump the foreign substances including antibiotics, out of the cell. In bio-
films, the over-expression of the efflux pumps in coordination with quorum sensing
promotes antimicrobial resistance and even causes multi-drug resistance [34]. There
are various efflux pumps involved with emerging multidrug resistance. For example,
the efflux pump family TetR acts as a transcriptional repressor, which regulates the
function of tet genes for tetracycline resistance. The RND type genes, such as adeB,
adeG and adel could influence the quorum sensing and resistance towards antibiotics
such as colistin in Acinetobacter bawmannii. In E. coli, the AcrAB-TolC, an RND family
gene, was shown to confer resistance against rifampicin, tetracycline, chlorampheni-
col and fusidic acid. Similarly, MarR- type repressors inactivate a MepA protein,
which in turn provides resistance towards antibiotics such as fluoroquinolones and
tigecycline [47]. Moreover, efflux pumps can be targeted to determine the presence of
antibiotic resistance in biofilms or the level of antibiotics associated. Still, the chal-
lenges are due to biofilms’ heterogeneous nature, making this more complex. These
efflux pumps might be seen as operons in the genome responsible for various other
functions that coordinate the overall fitness of the biofilms. This is further influenced
by the complex involvement of quorum sensing. Current developments against bio-
films and antibiotic resistance focus on efflux pump inhibitors [38]. They are targeted
in such a manner to change the level of expression of the genes associated with the
pumps, alter the structure of the pump by affecting the assembly, altering the outer
membrane in a way that affects the energy efflux which all would ultimately hinder
the biofilm formation. The new antibiotic alternatives, including phytochemicals,
can be used against these efflux pumps since they play a key role in the multi-drug
resistance associated with biofilms.

2.4 Involvement of other factors and limitations

Regarding biofilm-associated antimicrobial resistance, certain other factors also
help in the process. The slow growth rate of the biofilms, which resulted from limited
nutrient availability, might be one of the reasons. The biofilm cells of E. coli and
Staphylococcus, which had the same level of antibiotic resistance as planktonic cells

150



Phytochemicals: A Promising Strategy to Combat Biofilm-Associated Antimicrobial Resistance
DOI: http://dx.doi.org/10.5772/intechopen.1009478

were found to be showing increased antimicrobial resistance towards ciprofloxacin
and the reason was found to be the slow growth rate of the biofilm [35]. In addition,
the level of physiological activity and position of the cells in a biofilm structure have
effects on the AMR. The cells close to the surface are more vulnerable to antimicrobi-
als than those at a deeper location. Moreover, their level of physiological activity,
metabolism, and their level of stress response are also dependent on their location,
which is influenced by the phenotype [48]. This is further influenced by the level of
rpoS regulation in biofilms. Cooperation and competition of cells within the biofilms
may develop new interactions, which results in a multifaceted combination of AMR
genes that develop emerging combinations of phenotypic resistance, and it isa
significant challenge. Furthermore, oxygen availability can be a major determinant
of antibiotic resistance in bacteria, including P. aeruginosa. Anaerobic conditions
prevented P, aeruginosa biofilms from antibiotics such as tobramycin, ciprofloxacin,
carbenicillin, and ceftazidime when compared to aerobic conditions [49]. Overall, all
these factors explain how biofilms develop antimicrobial resistance, which adds to the
global burden.

The various methods of antibiotic resistance associated with biofilms will
ultimately result in treatment failures of various biofilm-associated foodborne
and nosocomial infections. For example, catheter-associated biofilms constitute a
significant concern in which hospitalized patients die due to ineffective treatment.
Moreover, more than 60% of nosocomial infections are due to biofilms, according
to reports from the CDC and NIH, which necessitates the importance of prevention
[50]. Various alternatives to antibiotics have been tested against biofilms. These
include natural and synthetic antimicrobial peptides, bacteriophages, phage-derived
enzymes, combined phage therapy, enzymes, molecules (LP 3134, mannosides),
polysaccharides, and phytochemicals. Among these, phytochemicals are promising
because of the fewer side effects in the living systems and their ability to potentiate
the effect of currently available antibiotics [51].

3. Phytochemicals in controlling biofilms

The increase in drug-resistant pathogens is a concern around the globe since
there are rising incidences of treatment failure in humans and animals. Therefore,
alternative strategies of treatments against these pathogens are at the highest priority.
Among the alternatives, phytochemicals are one of the promising picks due to their
efficiency and safety. Phytochemicals are natural metabolites derived from plants that
have shown significant roles in various therapeutic applications that are also used as
dietary supplements and flavor enhancers in the food industry. The primary clas-
sification of the compounds includes phenolic compounds, polyacetylenes, stilbenes,
lectins, polypeptides, terpenoids, and alkaloids [51]. Most of these compounds show
antibiofilm activities by various mechanisms, including efflux pump inhibition,
inhibiting membrane function, interfering with quorum sensing, EPS, adhesion,
and synergistic interaction with antimicrobials. These synergistic interactions with
antimicrobial agents are relevant as there is increased AMR globally associated with
biofilms, and there are fewer efforts to develop newer antibiotics [51]. Figure 2 shows
major mechanisms of action associated with biofilm control by phytochemicals.

Phenolics are a major class of phytochemicals, which includes gallic acid,
carvacrol, catechin, coumarin, quercetin, eugenol, and many more which have
shown significant roles in infectious and metabolic disease treatments, including
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Figure 2.
Mechanisms in which phytochemicals hinder biofilms.

cancer. Alkaloids are another major group comprising compounds such as piperine,
reserpine, sanguinarine while carnosic acid, farnesol, and oleanolic acid are some
terpenoids [52]. These are beneficial since they are naturally available from plants
with fewer side effects and have shown impacts on various bacteria and biofilms.
Moreover, synergistic interactions of the currently available antibiotic with phy-
tochemicals have a significant impact since they have been shown to increase the
bioavailability and penetration of the antibiotics. Reports are demonstrating the abil-
ity of plants to produce inhibitors for drug resistance for their survival. For example,
a compound called rhein from rhubarb has been shown to inhibit the multi-drug
resistance receptors and potentiate around 2000-fold against various bacteria [53]. As
mentioned before, the mechanisms by which the phytochemicals act on biofilms are
critical to understanding effective intervention strategies discussed in detail below.

3.1 Inhibition of extracellular polymeric substance synthesis

Extracellular polymeric substances are key matrix components that are synthe-
sized during biofilm formation, stabilizing the biofilm structure in harsh environ-
ments required for survival. Therefore, interfering with the synthesis of the elements
of the EPS, such as polysaccharides, eDNA, and polypeptides, would significantly
impact the stability of the biofilm structure [54]. Some phytochemicals significantly
alter the level or production of these matrix components and destroy the integrity
of the biofilm matrix. Luteolin, a phenolic flavone, reduces the synthesis of polysac-
charides, eDNA, and extracellular proteins in the case of E. coli and Enterobacter
cloacae biofilms, resulting in reduced biofilm biomass and integrity. Furthermore,
quercetin reduces the extracellular polysaccharide abundance in P. aeruginosa biofilms
by interfering with transcription activator, rhl family genes. This significantly affects
the matrix structure and functions including quorum sensing, which ultimately leads
to the destruction of the biofilm structure [55]. Other examples would be the blocking
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of the expression of genes such as gtfB, gtfC and gtfD which regulate the synthesis of
EPS by an extract from Cedrus deodara, a tree in the pine family which is also known
as the Monrovia plant. In S. aureus biofilms, a phytochemical called sesquiterpenoid
or nootkatone was shown to inhibit EPS synthesis, reducing biomass [26]. All the
above examples showed the effects of various phytochemicals on the EPS, which
destroys the biofilm integrity. However, the exact molecular mechanisms around most
of them are still unclear, and they need to be identified with precise evidence so that
they can be used therapeutically to target the EPS.

3.2 Membrane disruption

One of the main mechanisms by which antibacterial agents attack bacterial cells
is by altering the bacterial membrane. In the case of biofilms, the presence of other
matrix components further complicates the process of preventing them from pen-
etrating. This results in increased antibiotic tolerance in addition to antibiotic resis-
tance [48]. Phytochemicals are an excellent choice to potentiate and promote the
membrane penetration and killing of the planktonic cells associated with biofilms.
This killing might be aided by directly impairing the membrane’s structure, which
changes the membrane characteristics and physiological function that ultimately
leads to death [52]. Essential oils are hydrocarbons and oxygenated derivatives
of phytochemicals that are produced by two isoprenoid pathways. They are the
plant secondary metabolites that are hydrophobic or lipophilic, mainly consisting
of monoterpenes and sesquiterpenes. They have been shown to have a promising
membrane-disrupting effect among the phytochemicals against both gram-positive
and gram-negative bacteria. The primary reason for the increased penetration is
its lipophilic nature, which allows it to interact with the peptidoglycan layer in the
cell wall. Moreover, the gram-positive bacteria that have a thick peptidoglycan
layer will be more prone to the effects of the essential oils [26]. Furthermore, they
can influence cellular functions, starting from altering the morphology, impact-
ing the ion exchange and thereby influencing the membrane potential, influenc-
ing metabolic pathways, ATP production, and cell lysis, which leads to leakage
and ultimately leading to death of the bacterial cell. For example, terpenes have
been shown to have altered the membrane polarization that leads to changes in
membrane potential, resulting in damage and leakage of the cellular components,
including proteins and nucleic acids of the biofilms associated with Shigella flexneri
[56]. Additionally, other bacteria such as S. aureus, have also been shown to impact
the essential oils disrupting the bacterial membrane and ultimately leading to the
dissolution of the biofilm.

Apart from essential oil, phenolic compounds are one of the other types of
phytochemicals showing promising effects in disrupting the membrane. They also act
mainly by membrane depolarization, metabolic pathway alterations, impact on gene
expression, altering ATP synthesis, influencing homeostasis, and membrane damage.
Carvacrol is one of the phenolic compounds that has shown a membrane-disrupting
effect by controlling the ATP synthesis and membrane potential mainly due to its
hydrophobic nature. Apart from this, various alkaloids and flavonoids show mem-
brane-disrupting effects primarily by interacting with the lipid bilayer membrane
and altering the membrane potential, leading to membrane damage and the biofilm
structure’s dissolution [52]. Furthermore, membrane disruption would be a good
strategy to overcome the AMR when these phytochemicals are used in combination
with the currently available phytochemicals.
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3.3 Inhibition of quorum-sensing

Quorum-sensing (QS) is an essential property associated with both the planktonic
bacteria and a community, which is inevitable for the survival controlling various fac-
tors starting from adhesion to virulence. In a bacterial community, intercellular com-
munication is significant for its survival, and considering biofilms, it plays a significant
role in its formation and differentiation. In terms of quorum sensing, the cells were not
under selective pressure by blocking the sensing pathways when compared to antimi-
crobials, and hence, the chances of developing resistance might be meager [57]. This
strategy makes quorum sensing inhibition an interesting topic for investigating new
mechanisms to treat bacterial infections without developing any resistance. The quorum
sensing inhibitors show effects on the structural integrity of biofilms by interfering with
various pathways, including extracellular polysaccharide production, formation of the
microcolonies, and adhesion to surfaces. Phytochemicals have demonstrated significant
effects on quorum sensing, thereby interfering with biofilm survival.

Quorum-sensing molecules in gram-positive bacteria are autoinducing peptides
(AIPs), while in gram negatives, they use N-acyl-homoserine lactones (AHLs).
Various classes of phytochemicals have shown QS inhibition on different types of
bacterial biofilms. A tannin called hamamelitannin was shown to down-regulate the
genes involved with QS and motility of S. aureus. More specifically, the phytochemical
inhibited the RNAIII in the bacteria primarily involved with the regulation of QS,
which is confirmed by graft infection models in rats. Moreover, there were reports of
increased susceptibility to vancomycin iz vitro and in vivo models [58]. Naringenin,
which is a flavanone, reduced the level of 3-oxo0-C12-HSL and C4-HSL, which are
molecules helping in quorum sensing for virulence-associated mechanisms in P
aeruginosa. Various genes in the las and Al family in the QS regulation are down-
regulated by this flavanone. Flavonoids extracted from Glycyrrhiza glabra or liquorice
when interacted with the A. baumannii biofilms to down-regulate the gene expres-
sion of abal, which is an autoinducer synthase gene to impact the quorum sensing to
prevent the structural integrity of biofilms which ultimately leads to dispersion [59].
Terpenoids are another major class of phytochemicals that have shown significant
effects on QS. For instance, a monoterpene called thymol inhibited the QS molecules
in biofilms of Listeria monocytogenes, P. aeruginosa, and S. aureus. Saponins from the
plant Panax ginseng reduced the production of lasA, which is staphylolysin, and lasB,
which is an elastase. Both are part of the QS along with the downregulation of other
AHLs in P, aeruginosa-infected animal models. Even though the phytochemicals
affected the different aspects of the quorum sensing pathways, all these biofilms
ultimately led to their instability [60]. Apart from this, various other phytochemi-
cals such as benzoic acid derivatives, stilbenes, coumarins, quinones, and alkaloids
showed inhibiting effects on the AIPs and AHLSs, resulting in biofilm destruction.
Additionally, several studies focused on the effects of phytochemicals as quorum-
sensing inhibitors; however, most of them failed to explain the exact molecular
mechanism behind the disruption of the biofilms. Besides that, more cytotoxicity
studies need to be done to analyze the effects of the phytochemicals which support
the hypothesis of low or zero side effects and development of inherent resistance.

3.4 Efflux pump inhibition

Bacterial efflux pumps contribute significantly to the development of multidrug
resistance globally, which is further complicated by the biofilms associated with
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various infections. They have been identified as one of the universal targets for AMR,
along with various other properties, including virulence and nutrient transport

[48]. Moreover, they are one of the key regulators in biofilms associated with the
above-mentioned quorum sensing mechanisms, which help communities survive in
a coordinated way during extreme stress conditions. Phytochemicals influence the
efflux pumps through various mechanisms or targets, which help limit the develop-
ment of new AMR phenotypes and control bacterial biofilms via quorum sensing
inhibition. The possibilities of phytochemicals targeting efflux pumps show a wide
possibility for AMR research in which many promising combinations exist for various
bacteria. Moreover, modern techniques such as molecular dynamics simulations to
screen these combinations with predicted hypotheses based on efflux pump binding
sites show a significant breakthrough [61]. However, the efflux pumps can affect

the QS both positively and negatively. Hence, identification of the levels of phyto-
chemicals is critical. Reversing the efflux pumps is one of the strategies by which the
phytochemicals modify the effectiveness of antibiotics against biofilms [58]. More
specifically, the phytochemicals may interact with the EPS and outer membrane

to access the efflux pump and its components. This can result in the blockage of

their function and increase the drug diffusion inside the cytoplasm. Furthermore,
the increase in cytoplasmic concentration of the phytochemicals can influence the
ATPase activity, thereby altering the functioning of efflux pumps and downregulat-
ing their gene expressions. AcrAB-TolC is an efflux pump in a multi-drug-resistant
strain of Enterobacter. The chloramphenicol resistance in these bacteria is altered by a
phytochemical called geraniol. The genes in emr, acr and mdt families were involved
with efflux pump functions in the E. coli. Downregulation of these genes resulted in
altered biofilm formation due to the effect of phytochemicals [60]. The NorA efflux
pumps are very important in providing antibiotic resistance in S. aureus. Various phy-
tochemicals have shown significant effects blocking these pumps and making antibi-
otics susceptible. For example, a flavonoid called quercetin was shown to inhibit the
NorA and reverse the methicillin resistance. Furthermore, reserpine, baicalein, and
piperine reversed the ciprofloxacin resistance in S. aureus [26]. Additionally, there
are many additional examples of phytochemicals, such as isoflavones and coumarins,
in blocking the efflux pumps and reversing antibiotic resistance in various bacterial
biofilms. This signifies the importance of using phytochemicals by focusing on the
efflux pump inhibition. This closely aligns with the concept of antibiotic potentiation,
in which currently available antibiotics are more effectively acting against biofilms,
overcoming the issues of antimicrobial resistance.

3.5 Antibiotic potentiation

Overcoming antibiotic resistance and treating biofilms with conventional antibi-
otics were a challenge, as mentioned before, mainly due to their structural and physi-
ological characteristics as a community. Antibiotic potentiation can be mentioned as
an outcome of various mechanisms that we have discussed so far, making antibiotics
more accessible or effective against biofilms that even contain multidrug-resistant
heterogenous communities [14]. Moreover, combining the phytochemicals with
antibiotics would help expected outcomes at critically lower doses to overcome the
fear of antimicrobial resistance. The most important mechanisms of action resulting
in the potentiation of antibiotics are the efflux pump inactivation, membrane perme-
ability changes for antibiotics, inactivation of enzymes inhibiting antibiotics, quorum
sensing, and nucleic acid synthesis inhibition [51].
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A Flavonoid, quercetin showed antibiotic potentiation for amoxicillin, ampicil-
lin, ceftriaxone, and tetracycline against multi-drug-resistant S. aureus and E. coli
by developing damage in the bacterial membrane by providing more penetration
through the biofilm matrix. Furthermore, compounds such as daidzein, myricetin,
and genistein provide antibiofilm activity by efflux pump inhibition and potentiate
antibiotics such as gentamycin, ciprofloxacin, tetracycline, and vancomycin against
Pseudomonas, Staphylococcus and E. coli [51]. Ellagic acid which is a phytochemical
showed potentiation effects against Propionibacterium biofilms with tetracycline.
Additionally, compounds such as thymol, cinnamaldehyde, and eugenol provided
antibiotic potentiation effects with streptomycin against biofilm structures of Listeria
and Salmonella, mainly due to the change in stability to the biofilm architecture.
Apart from this, the fact that there might be some antagonistic effects for these
phytochemicals in terms of antibiotic resistance could not be neglected in identifying
possible combinations. The challenging part of the synergistic interaction between
phytochemicals and antibiotics is the identification of the exact combinations or dose
levels of the two in providing a synergistic interaction and delivery of the combina-
tion to the biofilm site. The former issue can be resolved by various predictive models
as mentioned previously however, for solving the latter, new technologies focused
on nano drug delivery systems are showing promising results [62]. A good example
would be silver and copper nanoparticles loaded with phytochemicals and antibiot-
ics, which provide antibiofilm effects against bacterial species such as methicillin-
resistant S. aureus [62]. Furthermore, chitosan nanoparticles are one among the
drug delivery methods that are widely studied against biofilms involving various
pathogens such as Staphylococcus, Listeria, and E. coli using various phytochemicals
such as essential oils, quercetin, cinnamaldehyde [63]. These aspects highlight the
importance of phytochemical synergistic interactions with antibiotics in preventing
biofilm-associated infections. Moreover, these applications can be implemented at an
industrial level if the exact molecular mechanisms behind the synergism are identi-
fied on scientific grounds. This would make a significant breakthrough as naturally
available molecules would conceptually have lower side effects in living systems
compared to various synthetic derivatives [53, 63].

3.6 Additional mechanisms of action

There are various other mechanisms in which phytochemicals can exert effects
on the biofilms in addition to the aspects mentioned above. One of the major mecha-
nisms includes the effects on the metal chelation of the biofilms. Various metal ions,
such as calcium, magnesium, copper, manganese, iron and zinc, play a crucial role in
all living systems. This is not different in the case of biofilms as they help maintain
their structure, signaling, and other virulence-associated mechanisms [64]. When
considering the architecture, ions such as calcium and iron are very important in
cross-linking the biofilm matrix. Additionally, the metal ions have shown roles
in initial bacterial adhesion. Magnesium has been shown to have a role in bacte-
rial multiplication, an association of iron with the release of DNA of Pseudomonas
biofilms, effects of cation preconditioning with calcium and magnesium induces
increased biofilm thickness [26]. All of the abovementioned conclude the importance
of metal ions in the survival of bacterial biofilms. Therefore, altering or sequestering
the metal ions associated with the biofilms may affect their integrity. Phytochemicals
could be one of the many promising alternative strategies to chelate the metal ions
associated with the biofilm. Iron chelation is one of the most common effects seen
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by phytochemicals, mainly because their structure makes them chelate with iron.
For example, in flavonoids, the structure contains a dihydroxy chelation site for iron,
which helps sequestration. Additionally, PGG, a gallotannin, was found to produce
antibiofilm activity in E. coli due to iron chelation. Calcium chelation is shown by a
phytochemical, alizarin, which is an anthraquinone mainly found in staphylococ-

cal biofilms due to the hydroxyl units associated with its structure [65]. All these
results ultimately affected the survivability of the biofilm structure. Division of

cells and proliferation is required for the maintenance and survival of the biofilm
community. Disruption of these proliferative mechanisms could impair this growth.
Phytochemicals can influence growth by interfering with various mechanisms such as
DNA and RNA synthesis, inhibiting cell division, growth inhibition, and inhibition
of growth regulatory enzymes [66]. Trans cinnamaldehyde, a phytochemical shown
to influence the structure of Z-ring by affecting a cell division protein called FtsZ
which results in reduced growth of Enterococcus faecalis. Another phytochemical that
influenced the FtsZ is the sanguinarine [67]. Trans cinnamaldehyde acts in a dose-
dependent manner to inhibit cell proliferation in the biofilms and planktonic cells

of Methicillin-Resistant S. aureus (MRSA). Moreover, this type of dose-dependent
inhibition of cell proliferation is seen in MRSA by various other phytochemicals,
such as carnosic acid and cineole [67]. Blocking enzymes involved with nucleic acid
function is another prominent mechanism in which phytochemicals act. Some targets
are topo isomerases I & II, DNA gyrase, and RNA polymerase which are shown by
phytochemicals such as quercetin, genistein, berbine, and luteolin against various
bacterial pathogens [26]. Most of the mechanism results in reduced biofilm mass and
stability, which can be further addressed by alternative measures such as antibiotic
potentiation, which would help control biofilm-associated infections.

Motility is a classical feature associated with planktonic cells that helps to establish
the biofilm structure initially to a surface. Phytochemicals have shown mechanisms
that disrupt the motility and thereby hinder the initial attachment. Antimotility action
is mainly explained by the inactivation of the flagella components and the downregu-
lation of genes associated with flagellar function such as families of fla, fli and mot
genes. This is shown by phytochemicals such as eugenol, carvacrol, thymol and many
essential oils against pathogens including Listeria, Staphylococcus, Clostridium and E.
coli [68]. Interestingly, carvacrol showed flagellin synthesis inhibition by inducing
a heat shock protein GroEL, which made the cells sessile. Further, the motility can
impact the establishment of the biofilm architecture. However, the planktonic cells
will still be virulent enough to cause diseases. Therefore, a more detailed mechanism
of action needs to be uncovered to make it practical [24]. Along with motility, adhesion
is another important mechanism required for the attachment of the cells to the surface.
Bacterial surface characteristics are an important determinant in the adhesion. For
example, the polarity and hydrophobicity are important aspects in determining the
interaction with the surface to which they attach. Saponins and coumarins were found
to influence the hydrophobicity of the membrane thereby disrupting the attachment.
Moreover, phytochemicals such as carvacrol have been shown to affect the length and
size of cells, further impacting the adhesive properties [28, 69]. All these mechanisms
show the importance of phytochemicals in controlling the biofilms effectively.

Among the various methods discussed above, some promising ones are studied in
depth to uncover the underlying mechanism of action. However, a deep understand-
ing is required for others to elucidate their effectiveness. Phytochemicals would be a
great choice to control biofilms and associated infections despite the increased burden
of global antimicrobial resistance.
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4. Challenges and limitations

Among the various mitigation strategies for tackling antimicrobial resistance
associated with biofilms, phytochemicals showed a promising outcome. They are
more reliable in terms of safety than synthetic compounds. However, some aspects
need to be addressed to use them effectively [60].

Most of the research is focused on specific bacterial biofilms and the interactions
of phytochemicals. This is different when we observe the actual living systems where
multiple species are involved providing a complex heterogenous environment. In that
case, the mechanism of action of the phytochemical starting from the penetration
to biofilm the structure may differ due to this heterogeneity [32]. Phytochemicals
can interact with the host tissue in the same way as the biofilm structure if itisina
living system. There can be metabolism and degradation of this phytochemical by the
host system, which might reduce its bioavailability. Furthermore, the solubility and
stability of different phytochemicals might be influenced by many factors that need
to be studied. Bacteria have inherent mechanisms to fight the antimicrobial agents,
which results in increased antimicrobial resistance. Therefore, there is a chance that
bacteria will develop resistance against phytochemicals through various mechanisms,
including efflux pumps and QS. Still, it might be a slow process compared to the
traditional synthetic antimicrobial. For example, quercetin and resveratrol have been
shown to selectively enhance resistance in certain bacteria, such as S. aureus, when
used in sub-optimal concentration, leading to AMR. Understanding the mechanisms
of action and composition of the phytochemicals at a cellular level is important. They
can interact with various cellular components and act in a toxic way detrimental to the
host cells in addition to the biofilm components. Further, it may influence beneficial
organisms associated with the host cells. Therefore, it is imperative to determine the
cellular effects of each phytochemical to understand and use them at their full poten-
tial. Standardization and quality control is another major challenge involved with
phytochemicals. Each phytochemical might have different extraction mechanisms,
depending on various factors involving extraction methods, plant characteristics,
and environmental conditions. Variations in the same phytochemical product might
influence the efficiency and mechanism of action. Standardization of the products
is a key technique to reduce this variation, but the cost of the purification involving
large-scale production might be a major challenge in addition to providing a sustain-
able supply of phytochemicals [52]. Another major challenge would be the absence of
clinical trials involving biofilms and phytochemicals. The exact mechanism by which
most phytochemicals interact with biofilms has yet to be understood. Moreover,
most of the studies are pre-clinical, involving animal models, and lack human trials.
Additionally, the regulatory approval of these products is quite challenging. The
main issue is the confusion regarding various regulatory agencies’ consideration of
phytochemicals as therapeutics or dietary supplements [70]. The complexity of the
phytochemicals is another challenge; for example, various essential oils have mul-
tiple active components, which makes the demonstration of individual effects very
difficult. There can be challenges with intellectual property protections as they are
naturally occurring compounds compared to synthetic ones, which is an independent
discovery. Apart from these facts, some of the phytochemicals have shown hepatotox-
icity, nephrotoxicity and antagonistic activities, making the regulations and approval
process much more difficult compared to synthetic therapeutic molecules [70].

Considering these factors, priority should be given to the standardization of the phyto-
chemicals to maintain the reproducibility of the experiments and approvals by introducing
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advanced analytical methods. This is followed by legitimate clinical trials, which can
pave ways to streamline more convenient regulatory processes considering the promising
efficiency of phytochemicals as antibiofilm agents or antibiotic potentiating agents.

5. Future directions

Phytochemicals have shown exceptional activity against biofilms by interfering
with various mechanisms, starting from attachment to quorum sensing. Addressing
the limitations would make them a good source for overcoming antimicrobial
resistance, which is aggravated by the biofilms [16]. Identification of the synergistic
combinations for antibiotic potentiation is a time-consuming process. The application
of next-generation computing for this process has been shown to produce significant
results in a short amount of time [71]. Moreover, predictive models based on machine
learning would be a good approach since they can even predict the mechanisms
of action behind the synergistic combinations, which clinical research can further
validate. Advanced drug delivery systems are another avenue of research that would
benefit the use of phytochemicals against biofilms. Various types of nanoparticles,
such as gold, silver, and chitosan particles, have successfully delivered various
biomolecules with increasing stability, solubility, and release profile. Hence, if the
research can be focused on delivering standardized phytochemicals into biofilm
structures by these nanoparticles, it would help to provide the expected mechanisms
of action [72]. Furthermore, for biofilms associated with hospitalized infections,
coating the susceptible medical devices such as catheters and implants with successful
antibiofilm phytochemicals would be a possible strategy. Epigallocatechin gallate has
been studied for its anti-biofilm properties in medical devices by surface coating [73].
However, the tissue-specific or site-specific mechanisms or drug delivery, such as in
the case of chronic wounds, should be investigated further to create new avenues for
phytochemical applications against biofilms.

Another important mechanism that needs further exploration might be the
mechanism that phytochemicals can elicit in the host against the biofilms. This could
be understood based on the antibiotic tolerance and immune regulations in the host
that can be addressed by antibiotic potentiation with phytochemicals. Moreover,
many phytochemicals have traditionally shown anti-inflammatory effects, which can
be useful along with antibiotics against biofilms [74]. Advancements in therapeutic
strategies also need much attention. For example, phytochemical profiling for person-
alized therapies would be one of the possible strategies to influence the effectiveness
of treatment with phytochemicals. It is widely practiced in other avenues of research,
such as cancer. Additionally, more comprehensive and promising pharmacodynam-
ics studies should be conducted to validate the antibiotics’ effectiveness. These
future directions represent a multifaceted approach to combating biofilm-associated
infections and enhancing the effectiveness of antibiotics using phytochemicals. The
combination of molecular insights, advanced delivery systems, and clinical validation
will be key to realizing the full potential of phytochemicals in this area.

6. Conclusion

In conclusion, the increasing global prevalence of antimicrobial resistance (AMR),
particularly in biofilm-associated infections, presents a significant challenge to public
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health and clinical treatments. Biofilms, which consist of extracellular polymeric sub-
stances (EPS) and display altered metabolic states, contribute to the enhanced resis-
tance of microorganisms to conventional antibiotics. Furthermore, the mechanisms
of horizontal gene transfer and biofilm-mediated protection complicate treatment
strategies, particularly in nosocomial and foodborne infections. Phytochemicals,
with their diverse categories including alkaloids, terpenoids, flavonoids, and phenolic
acids, offer promising alternatives in combating biofilms and AMR. These com-
pounds demonstrate potent biofilm inhibition, quorum sensing disruption, and EPS
degradation, contributing to antibiotic potentiation. Several iz vitro and in vivo stud-
ies have demonstrated successful synergistic effects when combining phytochemicals
with antibiotics, highlighting their potential for enhancing the efficacy of existing
antimicrobial therapies.

However, challenges still need to be addressed in the widespread application of
phytochemicals, primarily due to issues related to bioavailability, stability, and the
complexities of regulatory approval. Moreover, potential bacterial resistance to these
compounds requires further investigation. Emerging solutions, such as the use of
nanotechnology for drug delivery and personalized treatment strategies, hold prom-
ise in overcoming these limitations. The future of phytochemical research in AMR
will likely focus on developing novel delivery systems and combination therapies and
exploring new phytochemical sources, aiming to provide a sustainable solution to the
growing threat of biofilm-related infections and antibiotic resistance.
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Abstract

Biofilms are microbial communities embedded in a matrix of extracellular polymeric
substances (EPS) that irreversibly adhere to surfaces in natural, industrial, and clinical
environments. Their formation involves a dynamic, multi-step process influenced by
microbial interactions, EPS production, and surface properties. Biofilms provide micro-
organisms with protection against environmental stresses and antimicrobial agents, cre-
ating significant challenges in healthcare and industry. In industrial settings, Microbial
Induced Corrosion (MIC) is a major issue, with biofilms contributing to the degradation
of metallic and nonmetallic surfaces through mechanisms like electrochemical cell
formation and the production of corrosive metabolites. Sulfate-reducing bacteria (SRB)
and other microbes accelerate this process, impacting the lifespan of pipelines, marine
structures, and industrial equipment. Clinically, biofilm-associated infections consti-
tute 70% of all infections, resisting antibiotics and immune responses. These infections
complicate treatment, impair medical implants, and are linked to chronic conditions
like cystic fibrosis and diabetic foot ulcers. Emerging diagnostic tools, such as biosen-
sors, and treatments like nanoparticles, conjugated antimicrobials, and phage therapy,
offer promising solutions. In agriculture, biofilms enhance the virulence of pathogens
but also support beneficial effects. Plant Growth Promoting Bacteria (PGPB) within
biofilms help plants combat biotic and abiotic stresses while promoting growth through
beneficial metabolite production.

Keywords: extracellular polymeric substance (EPS), exopolysaccharide, microbial

induced corrosion (MIC), quorum sensing (QS), antibiotic resistance, ESKAPE,
plant growth promoting Bacteria (PGPB)
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1. Introduction

A biofilm is a community of cells organized in microcolonies, irreversibly attached
to a surface and embedded in an organic polymer matrix of microbial origin formed
at the interface between a liquid medium and a surface [1, 2]. Bacteria form biofilms
in natural and industrial environments as a defense mechanism against antibacterial
chemicals, environmental bacteriophages, and phagocytes. Biofilms are capable of
developing on various surfaces, including living tissues, medical devices, pipelines in
industrial or drinking water systems, and natural water sources. The solid-liquid inter-
face provides an ideal environment for microorganisms to adhere and multiply [3].

The formation of biofilms is a complex and dynamic process that begins with the
following steps: Planktonic bacteria are delivered to solid surfaces through hydro-
dynamic forces and mechanisms of physical or chemical adsorption. Extracellular
structures such as flagella, folds, fimbriae or pili, and outer membrane proteins
facilitate bacterial recognition and interaction with surfaces. These interactions are
crucial for biofilm development as they allow bacterial cells to overcome long-range
repulsive forces near the surface. Additionally, these processes are modulated by the
physicochemical properties of the substrate surface, including factors such as charge
and hydrophobicity. At this stage, bacteria typically show Brownian motion and can
be easily removed from the surface by shear forces. Once initial attachment occurs,
flagellar movement is restricted, and attached cells begin to produce extracellular
polymeric substances (EPS) (Figure 1). EPS production shifts bacterial attachment
from a reversible to an irreversible state. Due to the EPS matrix, these attached cells
become increasingly difficult to detach from the surface. The composition of EPS
varies depending on the bacterial species and growth conditions. As cells proliferate
and accumulate more EPS, these micron-scale aggregates grow into mature biofilms,
forming three-dimensional structures [4].

The extracellular polymeric substances (EPS) play a critical role in biofilm
architecture by anchoring biofilm cells and maintaining them in proximity. This
close spatial arrangement promotes intense interactions, including intercellular
communication and the establishment of synergistic micro-consortia [5]. The
composition of EPS includes polysaccharides, proteins, extracellular DNA (eDNA),

Figure 1.

Development of a biofilm and microstructures. (a) Planktonic organisms, (b) reversible attachment, (c)
irreversible attachment and bacterial colonization, (d) adhesion and production of exopolymeric substances
(EPS), (e) formation of mature biofilm, and (f) dispersion stage.
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and lipids. The structural integrity of the biofilm matrix is preserved through non-
covalent interactions, which are mediated by weak physicochemical forces between
the components of the EPS [1].

2. Biofilms in industry

Impacts corrosion is a harmful process that occurs when metals undergo chemical
or electrochemical reactions with their environment. This electrochemical phenom-
enon involves the release of electrons from the metal at anodic sites and their acquisi-
tion at cathodic sites [6, 7].

M — M* +2e” Anodic reaction (1)
1/20, +H,0+2e¢” —20H" Cathodic reaction at neutral or alkalinepH  (2)

Microbial Induced Corrosion (MIC) is a type of corrosion caused by the pres-
ence and activities of microorganisms, leading to the deterioration of both metallic
and nonmetallic materials [7]. MIC is considered the direct cause of severe corro-
sion failures and leads to damage costs reaching billions of U.S. dollars annually.
Microorganisms such as bacteria, fungi, archaea, and microalgae can directly or
indirectly influence corrosion, depending on specific interactions between the micro-
organism, the material, and the electrolyte [8].

Biofilms actively contribute to corrosion through various mechanisms such as
accumulation of cells at different concentrations, production of corrosive substances,
changes in anion ratios, and inactivation of corrosion inhibitors [7].

When a metal surface is covered by a biofilm, the portion of the metal outside
the biofilm remains exposed to oxygen, while the metal beneath the biofilm is
shielded from oxygen exposure. This disparity in oxygen availability results in the
formation of a corrosion cell within the anodic zone under the biofilm, where metal
ions are generated, leading to localized pitting corrosion. Electrons migrate to the
metal surface outside the biofilm to facilitate oxygen reduction (cathodic reaction),
during which hydroxyl ions are produced (Figure 2). These systems are referred to
as oxygen concentration cells and are frequently linked to microbially influenced

Liquid

Figure 2.
MIC mechanism.
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corrosion. Liu et al. [9] demonstrated that the adhesion of Vibrio natriegens to a
surface enhances the anodic reaction rate, thereby accelerating the dissolution of
aluminum.

Biofilms diminish the efficacy of corrosion inhibitors by establishing a diffu-
sion barrier that obstructs direct interaction between the metal surface and the
inhibitors present in the environment. Additionally, microorganisms are capable of
degrading specific corrosion inhibitors, such as aliphatic amines and nitrites. This
microbial degradation not only compromises the performance of the inhibitors but
also facilitates the proliferation of microbial populations, thereby accelerating the
corrosion process [10].

Microorganisms produce both inorganic and organic acids that can have corrosive
effects on metals. The primary inorganic acid involved in metal corrosion is sulfuric
acid, which is produced by acidophilic and sulfur-oxidizing bacteria. These bacteria
thrive in environments where sulfur compounds are reduced and can produce very
low pH levels (pH 2-5) when oxygen is present. Important microorganisms include
Thiobacillus thiooxidans and Thiobacillus ferrooxidans; the latter is often associated
with acidic mine drainage [11].

Sulfate-reducing bacteria (SRB) are the microorganisms most strongly linked
to microbial-induced corrosion (MIC). These bacteria utilize sulfate as a terminal
electron acceptor in their metabolic processes, resulting in the production of hydro-
gen sulfide (H,S). They belong to a diverse group of anaerobic microorganisms that
inhabit a wide range of environments. The metabolic activities of SRB contribute to
the accumulation of sulfur compounds near metal surfaces, significantly accelerating
the corrosion process. SRBs are a critical area of focus in MIC research, with several
corrosion mechanisms attributed to their activity, including:

* Cathodic depolarization via dehydrogenase enzymes

* Anodic depolarization processes

* Secretion of exopolysaccharides that bind metal ions

* Sulfur-induced stress corrosion cracking

* Hydrogen-induced cracking and bubbling

* Formation of metal sulfides

These effects of SRB play an important role in the degradation of metal
surfaces [10].

von Wolzogen Kuhr and van der Vlugt [12] proposed the following electrochemi-
cal reactions related to the MIC performed by SRB:

4Fe — 4Fe”" +8e” (anodic reaction) (3)
8H,0 —8H" +80H" (water dissociation) 4)
8H" +8e” — 8H(cathodic reaction) (5)
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S0, +8H — S +4H,0 (bacterial consumption ) 6)
Fe** +S* — FeS (corrosion products) 7)
4Fe+S0," +4H,0, — Fe(OH), + FeS+20H" ®)

IThan-Sungur et al. [13] showed that sulfate-reducing bacteria (Desulfovibrio sp.)
are responsible for corrosion of galvanized steel.

Cetin and Aksu conducted a study demonstrating that the corrosion rate of steel
samples significantly increased when exposed to Desulfotomaculum sp. bacteria.
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)
analyses revealed that these bacteria caused severe corrosion on the steel surface [14].

Misoni and Ihejirika investigated the microbiologically influenced corrosion
of mild steel and aluminum in seawater caused by the sulfate-reducing bacterium
Desulfotomaculum sp. Their findings revealed that in the presence of SRB, the average
corrosion rate of mild steel and aluminum coupons was four times higher compared
to those in environments without Desulfotomaculum sp. [15].

Anandkumar et al. investigated the presence of the sulfate-reducing bacterium
Desulfobulbus propionicus in the cooling towers of a petroleum refinery and analyzed
its corrosion behavior on steel. Electrochemical and weight loss analyses revealed that
D. propionicus significantly increased pitting corrosion in cooling towers. Their find-
ings also demonstrated that the presence of this bacterium accelerated the corrosion
rate through the production of corrosive H,S [16].

While SRB are among the most extensively studied microorganisms in MIC, other
bacterial groups have also been implicated in metal deterioration.

Aruliah and Ting conducted a study aimed at characterizing the corrosive bacterial
communities present in water samples collected from a cooling tower. They identified
seven aerobic bacterial species: Pseudomonas putida, Pseudomonas aeruginosa, Massilia
timonae, Massilia albidiflava, Pseudomonas mosselii, Massilia sp., and Pseudomonas sp.
Notably, the Massilia genus was detected for the first time in cooling tower water, and
it was observed to form a thin bacterial biofilm and cause pitting corrosion on copper
metal surfaces [17].

MIC is common in a variety of environments such as soil, freshwater and seawater,
and in numerous industries, including petroleum, power generation and marine
sectors. Systems with high microbial populations that are not effectively controlled,
systems operating in stagnant or low flow conditions, and environments with tem-
peratures that support microbial life are more susceptible to MIC. This susceptibility
is often seen in industries such as power plants, refineries, petrochemical plants, steel
mills, paper and pulp mills, and marine infrastructure [8, 18].

Given all these problems caused by MIC, it is necessary to develop an effective
prevention strategy. Appropriate treatment methods should be selected to prevent
biofilm formation or eliminate existing biofilm. Microbial Influenced Corrosion
(MIC) is estimated to be responsible for approximately 20% of corrosion-related
damage. In the UK, 10% of corrosion incidents are believed to be caused by biocor-
rosion. In addition, the lifespan of flowlines in Western Australia has been reduced
from the intended 20+ years to less than 3 years due to MIC. Microbial corrosion
is also considered one of the main causes of corrosion problems in underground
pipelines [18].
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Various methods are used to reduce biofilm accumulation on engineering sur-
faces. These methods include adding oxidizing or nonoxidizing biocides to water to
eliminate microorganisms from entering the system or slow their growth within the
biofilm, mechanically removing biofilms from surfaces using tools such as sponge
balls or brushes, and treating water by aeration or deaeration to reduce the number
and types of microorganisms [10].

The most common method used in industries to prevent biofilm formation and
thus microbial corrosion is the use of biocides that inhibit the growth of microorgan-
isms or kill them.

Biocides used in industrial water treatment are inevitably released into the envi-
ronment over time. Ideally, a biocide should only target the specific microorganisms
for which it is intended. However, all chemicals have different degrees of impact on
plant and animal life depending on their concentration. It is generally assumed that
dilution and natural degradation will neutralize biocides. Laboratory studies have
shown that commercially available biocides are biodegradable. However, these find-
ings do not necessarily mean that such degradation will readily occur in the natural
environment [19].

Considering all these factors, the use of environmentally friendly products should
be encouraged. Prevention of biofilm formation using plant extracts and coating
metal surfaces with metabolites of lactic acid bacteria with biosurfactant properties
can be preferred as an alternative to the use of biocides.

3. Biofilms as a health concern

It is estimated that approximately 70% of clinically significant infections are
biofilm-associated. Compared to their planktonic forms, bacteria within biofilms
exhibit higher resistance to physical and chemical factors, complicating treatment,
prolonging hospital stays, increasing healthcare costs, and ultimately categorizing
them as an economic and social issue [20].

Current diagnostic methods still primarily focus on isolating bacteria, which can
lead to the oversight of infections that develop on a biofilm basis. Bacteria in biofilm
form can tolerate antibiotics up to 1000 times more effectively, rendering antibiotic
treatment insufficient and increasing the likelihood of resistance development. When
infections are identified as biofilm-based, a change in therapeutic direction becomes
necessary. The global spread of antibiotic resistance and the insufficiency of anti-
biotics in combating biofilm-associated infections have laid the groundwork for the
development of novel therapeutic approaches and antimicrobial/anti-biofilm agents.
The development of materials to prevent biofilm formation for medical device manu-
facturing is considered a preventive measure. The development of electrochemical
biosensors, particularly Electrochemical Impedance Spectroscopy (EIS), has shown
promising results. This method is projected to support significant research, especially
in detecting biofilms without causing tissue damage, developing anti-biofilm agents,
and monitoring treatment progress [21].

The three-dimensional structure of biofilms includes a region deep within the
biofilm containing dormant bacteria known as “persister” cells. These cells consti-
tute approximately 1% of the biofilm. In the event of chemical or physical damage
to the biofilm, persister cells can restore the biofilm structure once conditions
return to normal. Due to their slowed metabolism, these cells are unaffected by
antimicrobials [22].
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Exopolysaccharides form a matrix structure that retains water, facilitating the
transport of nutrients, gene transfer, and the distribution of signaling molecules
within the biofilm. Data indicate that Pseudomonas aeruginosa polysaccharides are
associated with virulence [23]. The extracellular DNA (eDNA) within biofilms was
once thought to be a gene pool enabling horizontal gene transfer or merely remnants
of dead bacteria. However, it has been shown that eDNA molecules are part of
supramolecular structures, such as stable filamentous networks, common to both
environmental and pathogenic biofilms. These molecules contribute to escaping
immune responses, neutralizing antimicrobials, and serving as an energy source
during starvation. However, the mechanisms of eDNA release and regulation within
biofilms remain unknown. The discovery of programmed cell lysis within biofilms
suggests it may contribute to the biofilm’s polymeric structure [24]. The use of DNase
has been shown to inhibit biofilms of P. aeruginosa and Staphylococcus aureus [25], as
well as to enhance the penetration of antibiotics into biofilms, making it effective in
immature biofilm structures [26].

Lipids within the matrix contribute to biofilm formation by reducing surface ten-
sion, allowing biofilms to adhere to challenging surfaces.

The insufficiency of biofilm detection underlying infections, coupled with
increasing research data on biofilm structure and function, inspires the development
of new methodologies. The development of electrochemical biosensors, particularly
EIS, has shown promising results. The identification of biofilm-based infection foci in
clinical settings will facilitate accurate diagnosis and treatment decisions.

In biofilm formation, both Gram-negative and Gram-positive bacteria produce
“biofilm-associated proteins” (bap) that exhibit structural and functional similari-
ties. Bap, a bacterial surface protein of high molecular weight, plays a role in main-
taining cell surface hydrophobicity, a key factor in biofilm formation. It promotes
strong intercellular adhesion by forming amyloid structures under environmental
conditions [27].

Quorum Sensing (QS) is a chemical communication system through which bacte-
ria within biofilms coordinate gene expression. QS employs signal molecules, known
as autoinducers (Als), which accumulate to a threshold level to facilitate bacterial
coordination in response to population density and changes in the host environment.
QS enables biofilms to function as multicellular structures. Autoinducers are classi-
fied into three main categories: autoinducing peptides (AIPs) found in Gram-positive
bacteria, acyl-homoserine lactones (AHLSs) present in Gram-negative bacteria, and
autoinducer-2 (AI-2), which is common to both types [28].

Divalent cations such as Ca/Mg contribute to the physical stability of the anionic
EPS structure, playing significant roles in the maturation phase of biofilms [29].

In 2017, the World Health Organization (WHO) published a list of antibiotic-
resistant microorganisms requiring urgent development of new antimicrobial thera-
pies. These bacteria, collectively referred to as ESKAPE, include Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp. The shared characteristic among these bacteria is
their ability to develop biofilm-based infections [30].

3.1 Biofilm-associated diseases

Microorganisms can attach to a variety of tissue surfaces in the body, including skin,
connective tissues, intestinal mucosa, heart valves, and the oral cavity, where they can
form biofilms that persist and spread until an inflammatory response is triggered. These
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biofilm formations may enter the circulatory system, potentially causing embolism,
impacting other organs, and posing severe life-threatening risks to patients.

In the oral cavity, microorganisms adhere to structures such as enamel, dentin,
and mucosal epithelial tissues, creating biofilms commonly referred to as dental
plaque. In advanced stages, this biofilm can contribute to significant dental issues,
including tooth loss [31].

One complication of diabetes mellitus, diabetic foot ulcers (DFUs), occurs in
15-25% of cases. DFUs have been shown to be biofilm-based infections [32]. Studies
of diabetic foot microbiota have revealed less diversity and a higher prevalence of
opportunistic pathogens compared to healthy individuals [33].

Infective Endocarditis (IE) is a highly fatal biofilm-based infection affecting heart
valves, with approximately 25% of patients succumbing to the disease. Implants used
in treatment can also cause similar issues, with S. aureus being the primary causative
agent in nearly all IE cases.

Biofilms forming over the thick mucus layer that acts as a barrier between the
intestinal microbiota and tissue have not been associated with any pathogenesis.
These biofilms may exhibit commensal behavior, competing for space and nutrients
and producing inhibitory metabolites such as acetate or butyrate to limit pathogenic
colonization. However, disruption of the mucus layer due to host genetics or dietary
factors can lead to bacterial contact with epithelial tissue and the formation of
biofilms associated with intestinal dysbiosis, colorectal tumors, and Crohn’s disease
[34]. Helicobacter pylori, a causative agent of peptic ulcers and gastric cancer, has been
shown to cover 97% of urease-positive biopsy surfaces in ulcer patients with biofilms,
compared to only 1.6% in urease-negative controls [35]. This highlights the potential
severity of biofilm-associated pathogenesis.

Cystic fibrosis (CF) is an autosomal recessive genetic disorder resulting from
mutations in the gene responsible for encoding the cystic fibrosis transmembrane
conductance regulator (CFTR) protein. Dysfunction of CFTR damages epithelial
tissues and mucus-covered surfaces, including the lungs, leading to chronic inflam-
mation. CF patients are infected by biofilm-forming pathogens, initially S. aureus,
followed by P. aeruginosa. In CF, biofilm structures display three-dimensional archi-
tecture, remaining suspended within lung tissues rather than adhering to surfaces
[36]. P aeruginosa’s biofilm strategy involves producing at least three polysaccha-
rides—alginate, Psl, and Pel. These polysaccharides contribute to adhesion, immune
evasion, and resistance against antibiotics, demonstrating a close relationship
between their ratios and biofilm virulence [23].

Osteomyelitis, involving bone tissue infection, can occur endogenously through
hematologic spread or exogenously via implants. While S. aureus is commonly
implicated in hematologic osteomyelitis, biofilms involving multiple species such as P
aeruginosa and Escherichia coli can cause chronic osteomyelitis.

3.2 Medical device-associated biofilm infections

Implants such as cochlear devices, dental implants, orthopedic implants (e.g.,
knee and hip prostheses), heart valves, and vascular stents, particularly in association
with surgical interventions, frequently develop biofilm-based infections involving
ESKAPE bacteria. Devices used in invasive procedures, such as urinary catheters,
central venous catheters, and intrauterine devices, provide a liquid-solid interface
conducive to bacterial colonization and biofilm formation. These complications can
endanger patients’ lives, often necessitating implant removal [37].
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3.3 Treatment strategies for biofilm-associated infections

Treatment of biofilm-associated infections has become more effective with the
elucidation of biofilm structure and physiology. However, traditional treatment
methods are increasingly insufficient, necessitating the urgent development of new
antimicrobial agents and anti-biofilm materials.

The biofilm’s matrix structure, composed of common components such as polysac-
charides, lipids, proteins, and eDNA, forms the primary framework during biofilm’s
lifecycle, from initial microbial colonization to maturation and virulence expression.
Therapeutics targeting the matrix structure can enhance antibiotic efficacy, activate
immune responses, and eliminate multispecies biofilms. Mechanical disruption of the
matrix structure, as in dental cleaning or wound debridement, can increase treatment
effectiveness.

Antimicrobial peptides (AMPs) have gained attention as alternatives to traditional
antibiotics. AMPs are synthesized by various organisms, ranging from plants to ani-
mals, with molecular weights between 1 and 5 kDa. Their nonspecific mechanisms,
targeting multiple sites, reduce the likelihood of resistance development. However,
to enhance their effectiveness and resistance to proteases, modifications or synthetic
production methods are employed [38].

Methods targeting the QS mechanism, known as quorum quenching (QQ), aim
to disrupt biofilm formation and disassemble existing biofilms by inhibiting signal
production, degrading signal molecules, or blocking receptors. Compounds like
farnesol and triclosan inhibit QS signal molecule production, while enzymes such
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Innovative strategies need to be developed to combat biofilm in the clinic.
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as AHL lactonases degrade signal molecules. Receptor blockers such as furanones
and naringenin prevent QS signaling. While promising, challenges such as selectiv-
ity, resistance development, and unintended virulence increases necessitate further
research (Figure 3) [39].

Nanoparticles, with dimensions of 1-100 nm, offer innovative and effective
solutions for both antimicrobial and anti-biofilm targets. Nanoparticles can penetrate
biofilm matrixes, disrupt extracellular polymeric substances, and neutralize persister
cells with reactive oxygen species. They also block efflux pumps, increase bacterial
membrane permeability, and interfere with quorum sensing. Despite their advan-
tages, concerns regarding biocompatibility and toxicity, especially at high concentra-
tions, remain. Strategies such as surface modification and green synthesis are being
developed to address these issues [30].

Enhancing the anti-biofilm properties of medical implants is a preferred preventive
measure. Surface coating techniques, drug delivery systems, antibacterial substances,
and nanotechnology-based approaches aim to prevent biofilm formation, reduce
microbial adhesion, and decrease antibiotic dependency. Challenges such as improving
the mechanical durability and biocompatibility of coatings must still be overcome [27].

Probiotics such as Lactobacillus species and natural compounds like plant extracts
have been shown to inhibit biofilms. Phage therapy, due to its specificity and non-
toxicity, is another potential approach for combating biofilms. However, challenges
such as dosage determination, evaluation of combination therapies, toxicity, and
insufficient in vivo studies necessitate further development.

4. Biofilms in agriculture

With the increase in the world population, agricultural production needs to
increase by approximately 50% by 2050 in order to meet the food demand [40].
However, the intensification of production to achieve this goal leads to excessive use
of chemical fertilizers [41]. Farmers intensively use chemical fertilizers and pesticides
to increase productivity and meet food demand. The overuse of these chemicals
threatens sustainable agriculture by causing environmental degradation, changes
in soil pH, and excess fertilizer leaching into groundwater and damaging aquatic
ecosystems [42].

A healthy soil is essential for plant growth. Functions of soil microorganisms
such as nutrient cycling, organic matter decomposition, plant nutrition and disease
resistance contribute to soil health. Soil microorganisms interact both with each
other and with plants to improve soil structure and increase plant resistance to harsh
environmental conditions [43].

Plant Growth Promoting Bacteria (PGPB) are a group of beneficial bacteria
commonly found in the root environment of plants that promote plant growth and
the absorption and utilization of mineral nutrients. Playing an important role in
soil health and agricultural sustainability, PGPBs include well-characterized species
such as Pseudomonas fluorescens, Bacillus subtilis, Azospirillum brasilense, Rhizobium
leguminosarum, Streptomyces lydicus, and Burkholderia phytofirmans [44, 45]. These
microorganisms establish either symbiotic relationships with plant roots or thrive as
free-living organisms in the rhizosphere.

The mechanisms of action of PGPBs and the molecular mechanism of the symbi-
otic relationship they form with plants and the development of methods of their use
in agricultural fields have become of increasing research interest in recent years.
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One of the most desirable characteristics of PGPBs is their ability to effectively
colonize plant roots and leaf surfaces. This colonization is possible only if the bacteria
form a biofilm structure. In nature, bacteria develop biofilm organizations rather
than planktonic forms. A biofilm is a form of colonization in which different species
often have synergistic relationships. Biofilms refer to communities of microorganisms
organized in extracellular polymeric substance (EPS) that they produce by attaching
to a living or nonliving surface. Although the structure of EPS varies according to
abiotic conditions and the diversity of microorganisms gathered, it generally contains
exopolysaccharides, protein, lipid, and eDNA (Figure 4) [46].

It has been shown that QS molecules of PGPB bacteria are active in regulating gene
expression of activities such as nitrogen fixation, ACC deaminase activity, and phyto-
hormone synthesis [47]. Furthermore, among these QS molecules, AHLs significantly
enhance plant defense responses, thereby increasing resistance against pathogens.
These molecules activate the Mitogen-Activated Protein Kinase (MAPK) signaling
cascade (particularly MPK3/MPK®), triggering various defense mechanisms, includ-
ing callose deposition, stomatal closure, and phytoalexin production [48]. Notably,
specific AHLs such as 3-oxo-C8-HSL coordinate both salicylic acid (SA) and jasmonic
acid/ethylene (JA/ET) pathways, reducing Pseudomonas syringae proliferation by up
to 70% [49]. These findings demonstrate the potential of AHL-based biostimulants as
sustainable alternatives to chemical pesticides in agricultural applications.

Induced Systemic Resistance (ISR) is a natural resistance mechanism of plants
against pathogens. Compounds such as lipopolysaccharide, siderophore, and volatile

The Biofilm Structure of PGPB in Plants
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organic compound (VOC) that enable the plant to generate an ISR response by PGPBs
have been characterized. PGPBs regulate the signaling pathways that enable the
synthesis of these compounds within the biofilm more strongly compared to mutants
with inhibited biofilm formation [50, 51].

The skeleton of the biofilm structure is formed by exopolysaccharides with high
water retention capacity. Exopolysaccharides function in biotic and abiotic stress
management of PGPB bacteria. Global Climate Change (GCC) is exposing crops to
more abiotic stresses and risks from extreme weather events.

As aresult of the GCC, surface waters are decreasing with increasing temperatures
and excessive evaporation. While this situation causes drought, it leads to increased
precipitation and floods in areas where vapors are concentrated. The decrease in sur-
face water and the change in the world water distribution result in drought, which is
the abiotic stress that affects agricultural areas the most. Strategies to manage drought
include the development of drought-tolerant crops as well as the use of PGPB bacteria
that show stress-reducing activities. Drought in the microenvironment of PGPB
bacteria causes changes in the composition of the exopolysaccharides they produce.
Azospirillum brasilense Sp245, a rhizospheric bacterium, with the modification of
producing carbohydrate complexes with high molecular weight (lipopolysaccharide-
protein and polysaccharide-lipid complexes), forms a biofilm layer with high water
retention capacity, increasing the water content of the rhizosphere and thus allowing
the plant metabolism to adapt to drought [52].

The soil aggregation formed by the biofilm structures of PGPBs in the rhizospheric
area facilitates the uptake of water and minerals from the roots and forms a barrier to
prevent the plant from being affected by the lack of water in the bulk soil. There are
studies showing that increasing the D-glucuronate content of polysaccharides in the
EPS structure under drought conditions promotes plant growth by increasing water
retention capacity. It has been suggested that modifications in the functional groups
of bacterial exopolysaccharides may trigger antioxidant mechanisms that manage
stress in plants [53].

Globally, 20% of irrigated agricultural land is degraded due to salinity, and this is
projected to reach 50% by 2050. Sodium is the most common and most harmful agent
in soil salinization. In the biofilms of plant growth promoting bacteria (PGPB) pres-
ent in the rhizospheric zone, exopolysaccharides (EPS) play a critical role by binding
cations, including Na*, and preventing their uptake by plant roots. This mechanism
helps maintain the K*/Na" balance and protects plants from the adverse effects of
salinity. Numerous studies have demonstrated that EPS can render Na* inaccessible to
plant roots through sodium chelation in the soil [54]. For instance, EPS produced by
Pseudomonas sp. AK-1 has been shown to bind free Na" in soil, effectively reducing its
uptake by soybean plants and promoting normal growth even under saline conditions
of up to 200 mM NaCl [55]. Additionally, plants in saline soils increase the exudation
of specific sugars, such as rhamnose and trehalose, from their roots, which attract
salt-tolerant bacteria to the root zone, further enhancing their resilience to salinity.

Soil is contaminated with heavy metals due to industrial activities, excessive use
of pesticides, and nitrogen-phosphorus-potassium (NPK) fertilizers. Heavy metals,
which are a permanent threat due to their non-biodegradability, can have toxic effects
even in trace amounts on living organisms in nature. Biofilm structure adsorbs heavy
metals and acts as a barrier, preventing their bioavailability to plants [56]. Heavy
metals can be immobilized and detoxified by biofilms through mechanisms such as
biosorption, reduction, oxidation, and precipitation. With these mechanisms, metals
can be transformed into less harmful forms, as well as removing metals from soil and
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water. In addition, it has been shown that bacteria that improve the growth of plants
used in phytoremediation have high biofilm formation abilities [57].

The ability of plant pathogens to form biofilms is seen as part of their virulence.
Biofilm-forming pathogens are able to neutralize immune responses and antimicrobi-
als synthesized by the plant. The extremely slow metabolism of persister cells within
the biofilm makes it almost impossible for biofilms to be completely eradicated in the
face of changing conditions such as UV radiation, drought, and insufficient nutrient
availability. The advanced survival strategies of biofilm-forming phytopathogens
make them more detrimental to crop yield and quality [58].

Rosmarinic acid, one of the plant defense compounds, is effective against plank-
tonic pathogens [59]. The biofilm structure of pathogens makes them resistant to this
compound. Pseudomonas syringae pv. Syringae is the causal agent of brown spot disease
on leaves, and biofilms have been shown to play an important role in its virulence
[60]. Xanthomonas campestris pv. Campestris causes black rot disease of cruciferous
crops by colonizing the xylem. Biofilm colonization of these bacteria is mediated by
virulence factors such as degrading enzymes and xanthan gum, an exopolysaccharide
[61]. Clavibacter michiganensis subsp. Sepedonicus causes bacterial ring rot by forming
biofilm on potato plants through exopolysaccharides [62].

5. Conclusion

Biofilms are complex microbial communities with significant impacts in indus-
trial, clinical, and agricultural fields. Their formation processes, driven by microbial
interactions and the production of extracellular polymeric substances (EPS), enable
microorganisms to acquire resistance to environmental stresses but also pose signifi-
cant challenges. In industrial systems, biofilms are the primary cause of microbial-
induced corrosion (MIC), leading to material degradation and economic losses. The
mechanisms of MIC, such as the production of corrosive metabolites, inactivation of
inhibitors, and the formation of localized electrochemical cells, highlight the need
for effective control strategies. In clinical settings, biofilm-based infections show
increasing resistance to antibiotics and immune responses, complicating treatment
and increasing healthcare costs. The development of innovative diagnostics, such as
biosensors, could enable the identification of biofilm structures without compromis-
ing tissue integrity. Nanoparticles that target the biofilm structure and eliminate
infections, the development of antimicrobial agents, and effective treatment methods
to be conjugated with conventional therapies are being studied. Phage therapies also
target the biofilm structure. It is important for medical device developers to develop
materials with anti-biofilm properties. The biofilm formation of PGPBs is crucial to
improve plant growth and make plants more resistant to biotic and abiotic stresses.
However, they increase the virulence of phytopathogens, making biofilms an agricul-
tural problem.

Effective biofilm management requires a multidisciplinary approach that com-
bines environmental sustainability with technological innovation. Environmentally
friendly solutions such as plant-derived biocides, biosurfactants, and advanced
coatings hold promise as alternatives to conventional chemical treatments. Future
research should prioritize the development of cost-effective, environmentally
friendly, and scalable strategies to address the diverse challenges presented by bio-
films, increase the lifespan and efficiency of industrial systems, improve clinical
outcomes, and support sustainable agricultural practices.
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Harnessing Biofilms: From
Pathogenicity to Industrial
Applications
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Abstract

Complex microbial colonies called biofilms significantly impact businesses,
healthcare, and natural environments. These problems include nosocomial infections
in medical equipment, microbial-induced corrosions, and industrial inefficiencies
due to their remarkable resistance to medicines and disinfectants. Biofilm production
causes significant losses for industries, including food processing, electricity genera-
tion, and oil and gas. Biofilms, however, also have enormous promise for bioremedia-
tion, wastewater treatment, and bioleaching, offering environmentally acceptable
answers to environmental problems. The management and use of biofilms are being
revolutionized by new tactics such as enzymatic interventions, quorum sensing
disruption, bacteriophages, and nanoparticles. This chapter examines the dual nature
of biofilms, highlighting creative ways to reduce their hazards while maximizing their
advantages for long-term environmental and industrial progress.

Keywords: biofilms, quorum sensing, industries, environment, food pathogenicity,
corrosion, bioremediation

1. Introduction

Biofilm thus refers to structured microbial cells that are highly resistant to
antibiotics and other environmental stresses and are 1000-fold more resistant than
planktonic bacteria. Present in the natural environment, biofilms such as those of
Yersinia pestis can promote pathogen spread. Their structure allows for slow growth
and increased competitiveness, as they are attached to surfaces by a solid matrix of
polysaccharides, proteins, and nucleic acids (Figure1) [1, 2].

Biofilms, with their ability to enable bacteria to rapidly attach to surfaces such as
plastic, glass, or metal, create fully developed structures in a few hours to days. These
structures, while assisting microbes in enduring harsh conditions, also compromise food
quality, raise energy consumption, and affect equipment reliability. More alarmingly,
they can cause diseases, highlighting the potential threat of biofilms [3]. There are known
and unknown advantages and disadvantages of biofilms in human life. The harmless
bacteria include Staphylococcus epidermidis. The actions of harmless bacteria subdue and
augment the effects of dangerous bacteria. Nevertheless, there is a correlation between
biofilms and severe infections, for example, in cystic fibrosis (CF), when the bacterium
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Figure 1.
Polymicrobial biofilm formed by P. aeruginosa (red) and S. epidermidis (green).

Pseudomonas aeruginosa forms a mucoid biofilm in a chronic phase that is virtually invul-
nerable to antibiotics and causes recurrent inflammation of the lung tissue (Figure 2) [4].

1.1 Biofilm formation

Bacteria form three-dimensional biofilms through a four-phase process. The four sig-
nificant patterns identified include cohesiveness, clustering, growth, and dispersion. First,
the planktonic cells can attach to the surface of host tissues through extracellular matrix
molecules such as surface protein and eDNA. The major adhesins are CMSRAMMs, Srf,
SdrC, SdrD, SdrE, Fib, CIfA, CIfB, and FnBPs. When nutrients are available, bacteria,
once attached, grow. During the aggregation phase, they also alter their response to
environmental stimuli to increase biofilm thickness plus the protective layers hitherto
produced to fight drugs and the human immune system. If one extrapolates this hypoth-
esis, this increased thickness may result in cell release from graft surfaces [5, 6].

During biofilm maturation, bacteria form colonies that collect detritus and plank-
tonic bacteria, creating a complex structure. extracellular polymeric substances (EPS)
facilitate adhesion between cells and surfaces. Quorum sensing (QS) is vital for this
process, allowing bacteria to communicate based on density, and it can occur both within
and between species. Different bacteria employ varying QS systems; gram-positive
bacteria use peptides, while gram-negative bacteria use acylated homo-serine lactones for
signaling (Figure 3).

The text discusses aspects of bacterial communication systems, mainly how they
regulate gene expression by producing and detecting autoinducers. It also describes
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Figure 3.
Quorum sensing systems in bacteria.

the structure of a mature biofilm, which consists of three layers: a basal layer, an
interfacial layer, and a surface biofilm where free-growing bacteria can thrive and
expand [7].

Biofilms can accumulate toxic substances and spread infections as microbial cells
move from an implant surface to seek nutrients. Bacterial dispersion occurs in three
steps: individual cells detach from the microcolony, locate a new surface to attach
to and start forming a new biofilm. There are two types of dispersion: adherent and
non-adherent. Adherent dispersion results from both passive and active mechanisms,
including antimicrobial pressure and nutrient scarcity, which increase the detach-
ment force of bacteria from the implant surface (Figure 4) [8].

Multi-bacterial species exhibit synthetic values that increase their susceptibility
to biofilms in natural environments. Various bacteria can trigger biofilm production
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Figure 4.
Life cycle of microbial biofilm.

in specific species, resulting in biofilms that are less diverse and more resistant to
multiple biocides than those formed by a single species [9].

2. Biofilms in industry: Impacts, control, and future directions

Microbial biofilms are a significant factor in effluence and human health problems

and result in the loss of billions of dollars to the US industry through microbiologi-
cally influenced corrosion (MIC). Examples of sectors most impacted are power,
textile, chemical, and construction. In textile products, microbial activity results
in the development of smell, stain, and fabric deterioration, particularly when the
product is exposed to heat and humidity. The construction industry has substantial
pecuniary losses from microbial attacks on concrete, particularly the influence of
bacterial species such as Thiobacillus sp. and Fusarium sp., which erode the concrete
structure’s strength (Figure 5) [10].

The mixture for concrete used Lucky Cement with natural sand (4 mm maximum
size) and micro silica amounting to 5% of cement by mass while maintaining a water/
binder ratio at 0.80 for high permeability. We prepared test samples with control and
fiber-enhanced concrete compositions and added 0.8 kg/m® GSF 0520 steel fibers.
After curing for 30 days in sterile Milli-Q water, 72 prisms were categorized into four
groups based on surface roughness and fiber inclusion. We tested cement samples
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Figure 5.

Fusarium sp. fungal growth in a year (a) without exposure to a humidity chamber (b) with exposure to a

humidity chamber.

with these four conditions against a smooth fiber-free surface and a rough fiber-free

surface [11].

There were four treatments in the experiment, with and without steel fibers and
with and without surface roughening treatment (Table 1). A thin, slightly viscous
layer of biofilm developed on all the concrete surfaces that were tested (Figure 6). In
all the samples containing steel fibers, there was a formation of yellow deposits. In

Parameter System A System B System C System D Seawater
Fiber No fibers Steel fibers No fibers Steel fibers —
reinforcement

Surface texture Smooth Smooth Rough Rough —

type

Water pH 830+ 0.09 835+ 0.08 834+0.08 8.37+0.08 820+0.10
Electrical 53.05 + 1.60 52.90 +1.30 53.50 £ 1.25 53.80 £ 1.55 50.20 + 1.10
conductivity

Bicarbonate 128 +13 132+5 126+ 6 1388 101+ 16
alkalinity

Dissolved 410 £215 510 +3.15 4.70 £2.75 4.20 £2.90 250 £1.20
organic carbon

Total nitrogen 0.070 = 0.060 0.095 + 0.085 0.090 + 0.080 0.065 + 0.050 0.065 + 0.065
content

Calcium ion 505 + 98| 515+ 150 475+110 460 + 120 455 + 170
concentration

Silica 2.370 +1.320| 2190 +1.080 2.230 £ 1.260 2140 + 1.200 1.920 £ 1.030
concentration

Iron content 0.210 + 0.020 0.215+ 0.015 0.200 + 0.025 0.215+0.030 0.220 + 0.025

Table 1.

Chemical composition of water in systems and seawater.
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Figure 6.
Blocks of concrete from (A): System 1 (B): System 2 (C): System 3 (D): System 4. Samples are taken from Day 1
to Day 30 of each system’s three blocks.

terms of the biofilm formation patterns, there was found to be no significant disparity
between the smooth as well as rough surfaces of the concrete structures.

Biofilms in industrial food processing lines can lead to food spoilage and foodborne
diseases, as they often harbor pathogens responsible for most bacterial infections in
the US. Bacillus cereus is a notable organism that forms resilient biofilms on food-
contact surfaces like tanks and conveyor belts. These biofilms produce substances such
as surfactants and enzymes that can alter the sensory qualities of food [3].

Biofilm formation is more prevalent on hydrophobic surfaces than hydrophilic
ones. Inconsistent cleaning can leave biofilm residues trapped in areas like crevices.
Additionally, organisms in free water can harm established biofilms, as extracellular
polymeric substances (EPS) help protect biofilms from stressors like sanitizers and
disinfectants more effectively than free-floating cells [12].

Microorganisms that form biofilms often colonize surfaces and equipment in the food
industry. The extracellular matrix, composed of DNA, proteins, and polysaccharides,
facilitates adhesion to various surfaces and enhances biofilm stability by promoting
nutrient and oxygen diffusion. It also aids in cell communication and protects cells from
harmful substances. In dual- or multiple-species biofilm models, foodborne pathogenic
bacteria can interact with resident flora in food processing environments [13].

To speed up microbial growth, the surfaces used to handle food were infected
with Bacillus cereus, Escherichia coli, Staphylococcus aureus, and Pseudomonas spe-
cies. Scientists tested for biofilm production with crystal violet tests and specialized
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media. The research group tested both cooked and raw goods for changes in how they
felt. In addition, they checked how well sanitizers fight bacteria that live in clusters
[14-16]. Table 2 shows how bacterial biofilm forms and affects food spoilage, as
explained in detail.

Microbiologically influenced corrosion (MIC) is a major concern for the oil and
gas industries. MIC affects pipelines, pumps, and de-aeration towers, mainly through
bacterial infection from return water injected into oil reservoirs. Some events associ-
ated with MIC are pipeline leakage in New Mexico, methane leakage in California,
and oil spillage in Alaska. To carbon steel, risks arise from sulfate-reducing bacteria
(SRB), especially Desulfovibrio desulfuricans, as they increase corrosion rates at the
metal/solution interface [17, 18].

The work was done to analyze the approaches of Desulfovibrio desulfuricans to
affect the Microbiologically Influenced Corrosion (MIC) in the anaerobic environ-
ment of the B7 medium. Carbon steel coupons were exposed to B7 medium and
exposed to the bacterium Desulfovibrio desulfuricans under anaerobic conditions
[19]. When Desulfovibrio desulfuricans grows, then sulfate decreases and is reduced
to sulfide, which reacts with iron to give iron sulfide. During the sampling period of
forty-eight days, the samples were subjected to examination of the deposited iron
sulfide on the metal surface and its re-dissolution due to the growth of the size of the
sulfide crystals and nutrient limitations. Corrosion was observed based on biofilm
formation, the amount of iron sulfide, and the extent of corrosion at the metal surface
(Figure 7, Table 3) [24].

Constructed wetlands (CWs) are efficient, low-cost solutions with a 20-50-year
lifespan, particularly beneficial in developing countries. However, they can become
clogged by biofilms, plant roots, or inorganic particles, with biofilms being the main
issue. This clogging can negatively affect industrial applications, increasing preven-
tion and treatment costs. For instance, unintended biofilm growth near wellbores can
decrease injectivity and cause formation damage, significantly reducing oil recovery
efficiency [25, 26].

Bacterial biofilms developed on medical devices like contact lenses and urinary
catheters make healthcare-associated infections more likely. These infections emerge
from tough pathogens such as Pseudomonas aeruginosa and methicillin-resistant
Staphylococcus aureus. Health officials across all nations consider these infections
major global healthcare problems. Biofilm growth triggers over 80% of microbial
diseases in humans, which cause problems like bone infections and damage to
implanted medical equipment. CAUTIs from biofilm growth represent the major
medical device-related infection problem and affect more than 150 million people
globally [27-29].

A flexible multichannel endoscope is a reusable medical instrument that may be
exposed to the possibility of developing biofilm when processes are not strictly fol-
lowed. Once a device is inserted into the body, bacteria can colonize and form biofilms
in the wet, nutritional environment of the endoscope’s lumen. Bacterial colonization
is initiated by placing the EPDM material onto this protein layer. In large numbers,
some bacteria can spread into the bloodstream, causing severe infections [30].

Bioremediation is an effective method for removing environmental pollutants,
with biofilm-based technology showing particular promise. Unlike traditional pelagic
microbes, biofilm-forming bacteria like Rhodococcus, Alcanivorex, Cycloclasticus,
Bacillus, and Arthrobacter are capable of adapting to extreme conditions, making
them efficient in degrading hazardous substances in various contaminated environ-
ments [31, 32].
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Invader Characteristics Food Adverse Results Ref.
contamination spoilage
repercussions

Bacillus cereus Anaerobic, Meat, veggies, Symptoms of Utilization of [13,
facultative rice, and dairy vomiting and biofilm results 14]
anaerobic, goods diarrhea in insensitivity
spore- to sanitizers;
forming, and hence, despite
gram-positive cleaning, there

may be recurrent
contamination
and spoilage of
foods.

Escherichia coli The rod- Fresh meat, Outbreaks of Despite forming [15]
shaped, fruits, veggies, diarrhea and abiofilm, E. coli
gram-negative and raw milk hemolytic shows increased

uremic tolerance to

syndrome environmental
stress factors,
including
antimicrobial
agents, which
extend the
effective shelf
life on food-
contact surfaces.

Staphylococcus Facultative Products made Methicillin TheS. aureus [16,

aureus anaerobic, from meat, resistance found ina 17]
gram-positive, poultry, eggs, may result in biofilm also
non-motile, dairy, salads, diarrhea and has enhanced
and non-spore- baked goods, vomiting virulence and
forming (particularly might lead

cakes and to different

pastries with symptoms than

cream filling, the regular S.

and sandwich aureus thus,

fillings) effects may last
longer.

Pseudomonas Rod-shaped, Meat surfaces, Gives fresh Psychrotrophic [18]

spp. psycotrophic, fruits, cheese a blue Pseudomonas
motile and vegetables, and discoloration spp. on dairy
gram- negative low-acid dairy products can

products cause rapid
spoilage and
discoloration
when the
bacteria form
biofilms on
the products,
even when
stored at low
temperatures.

Table 2.

Pathogenic bacteria that cause the spoilage of food.
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Figure7.
The growth of Desulfovibrio desulfuricans in the By medium demonstrates the early formation of iron sulfide on

Day 0

Day 3

Day 6

Day 12

Day 19

Day 22

Day 48

the glass wall, followed by the eventual dissolution of this coating as a result of the enlargement of crystal size and
nutrient constraints.

Day Formation of iron Corrosion patterns Development of Ref.
sulfide biofilms
0 Iron sulfide’s early No apparent corrosion; Desulfovibrio [20, 21]
development is seen on early growth of biofilms desulfuricans’ initial
the metal surface infestation on a metal
surface
3 Deposition of iron sulfide Increased iron sulfide Sulfide production and [22,23]
on metal has increased deposition and mild active biofilm growth
metal surface corrosion
6 An increase in iron sulfide Early indications of As the biofilm develops, [21, 23]
crystal formation metal surface corrosion; its surface area increases
iron sulfide formation
persists
12 Iron sulfide development Signs of corrosion Dense biofilm [20, 23]
on the metal surface is worsen, and more iron development was noted
significant sulfide is formed
19 Larger crystals of iron Increased corrosion A well-developed [20,22]
sulfide are developing and activity and some iron biofilm with significant
coating the metal surface sulfide dissolution were amounts of corrosion
noted
22 On metal surfaces, iron Iron sulfide crystals that Maximum thickness of [21, 23]
sulfide still forms are seen to corrode and biofilm
dissolve
48 Deposits of black iron Iron sulfide has Biofilm drastically [20, 22]
sulfide sink to the bottom dissolved, but corrosion decreased as a result of
has slowed nutrient loss
Table 3.

Iron sulfide production and corrosion patterns in By medium infected with Desulfovibrio desulfuricans
throughout a 48-day period.
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Microbial communities, commonly known as biofilms, can be used in phytoreme-
diation; these include the removal of heavy metals, petroleum products, herbicides,
and insecticides from soil and water. Biofilm formation for bioremediation technique
is substituted in several industries to remove contaminated soil and groundwater.
Though biofilms can cause numerous health concerns in food processing and hospi-
tals, they are helpful in waste recycling and water management. Advanced bioremedi-
ation technologies such as bio-filters, rotary disk contacts, and granular sludge reactors
are widely embraced eco-friendly strategies for revitalizing polluted contexts [33].

Bacteria help break down heavy metals lead, cadmium, and copper through their
ability to make cell walls and bind metals with metalloproteins. Still, fungi transform
metals into harmless substances using hydroxamate siderophores. Bacterial biofilms
improve wastewater treatment systems because they shield cells while encouraging
microbial growth and make it easier to eliminate contaminants in activated sludge
and attached growth systems [34-36]. The natural process of biofilm attachment and
enzyme activity helps break antibiotic medications in biofilm-based systems. These
systems are also highly effective at degrading lignin, with a specific bacterial consor-
tium showing great potential in cleaning up effluents from agro-processing and pulp
mills, removing harmful organic and inorganic pollutants like lignin [37, 38].

Microplastics (MPs) result from the breakdown of large plastic waste exposed
to weather and UV light. They harm marine ecosystems by negatively affecting the
organs of fish and shrimp, triggering immune responses, and generating reactive
oxygen species. Additionally, when microbes colonize MPs, it increases their ability
to absorb environmental pollutants, including harmful chemicals and heavy metals
[39]. The effectiveness of microplastics biofilm degradation depends upon the type,
quality, and amount of biofilm under consideration (Figure 8). Temperature, pH,
ultraviolet radiation, nutrient availability, and microplastics’ characteristics influence
biofilm formation. Furthermore, biofilms influence the characteristics of the poly-
mer, such as the material’s biodegradation rate (Figure 9) [41].

The problem of multidrug resistance in bacteria becomes critical; according to the
CDC, around 2.8 million bacterial antibiotic-resistant infections occur in the United
States annually, and one in 10 of these patients die. Resistance to antibiotics makes
management of standard forms of infections a real issue, let alone the threat of deadly
bloodstream infections. The World Health Organization has said that if nothing is
done, more than 10 million deaths from bacteria resistant to antibiotics will occur
in the next three decades. Since biofilms are dense, there is a significant problem
of inaccessibility when administering treatment to affected infections (Figure 10).
Furthermore, the experts added that antimicrobial drugs are metabolized in the human
body to make treatment difficult, and recurrent infections become common [42-45].

Biofouling in piped systems and ship hulls incurs over $250 million annually due
to issues like biofilm formation. Traditional mitigation methods, such as repainting
and hull cleaning, are not financially sustainable (Figure 11). Biofouling negatively
impacts marine ecosystems by reducing water flow and increasing disease risk in fish.
It also hampers the efficiency of cooling systems in coastal power plants and affects
water treatment processes like reverse osmosis by increasing membrane resistance.
Environmental and hydrodynamic factors influence the extent of macro fouling,
which can further reduce heat transfer and system performance [46].

Biofilms that form on metals increase corrosion of steel and iron products,
resulting in substantial financial losses. Researchers have now found two new ways
for microorganisms to take electrons from metals and use them for their processes,
including sulfate and nitrate reduction. The bacterial type Desulfovibrio vulgaris
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Figure 8.
Phases of biofilm development on the medical equipment’s surfaces; Reprinted from MDPI, Basel, Switzerland

(copyright © 2021) by the authors and licensee [40].

Figure 9.
Factors affecting biofilm degradation of microplastics.
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A summary of the traditional problems that have avisen in the antimicrobial control of pathogenic biofilms.
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Figure 11.
Biofouling incidents in the marine industry may result from significant stages in biofilm production (Source:
Freepik.com; retrieved October 27, 2022).

shows direct electron transfer to metal surfaces, confirming the need to study
this process more deeply. Producer-born Salmonella and milk powder-friendly
Anoxybacillus flavithermus demonstrate a strong ability to build films on surfaces
that become challenging to erase because of their specific processing conditions
[47, 48].

Coating materials with bactericidal films and antifouling technologies enhance
antimicrobial properties in biomaterials and biomedical devices. This combination
boosts antimicrobial effectiveness through both releasable and non-releasable agents.
Research shows that employing lipids and nanoparticles for antibacterial coatings
significantly reduces implant-related infections and improves the functionality of
biomedical devices (Figure 12) [28].
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Figure 12.
Controlling the growth of biofilms and removing them using different techniques. Reprinted from Elsevier Ltd.
(Amsterdam, The Netherlands) by the authors and licensee under copyright © 2023.

Microorganisms form protective biofilms that block disinfectants from reach-
ing them, which causes food to spoil more often and raises disease danger levels.
Successful biofilm control methods impact cell surfaces, manage internal chemistry,
and work through physical action. Despite limited sterilization possibilities, regular
disinfection with quaternary ammonium compounds, fat-harming peroxides, and
chlorine chemicals remains indispensable for preserving food safety (Table 4) [55].

Special second-generation anti-biofilm agents like small molecules, DNAse,
and proteinase K plus small molecules reduce resistance from bacterial biofilms
by dismantling the biofilm protective structure. Biofilms quickly degrade through
benzimidazole and N-acetylcysteine treatment, but microbe growth stops when
exposed to organophosphates and polyaminocarboxylic acids. Research into nanopar-
ticles helps doctors make more stable and effective treatments with improved medical
delivery methods (Figure 13) [56].

Nanomaterials inhibit biofilms through several molecular mechanisms, including
1: Breaking down peptidoglycans in gram-negative and gram-positive bacteria, 2:
Disrupting cell membrane integrity, 3: Targeting the electron transport chain (ETC), 4:
Causing microbial DNA damage, 5: Inactivating microbial enzymes, 6: Disassembling
ribosomes, 7: Denaturing intracellular proteins, 8: Inhibiting extracellular DNA, and 9:
Suppressing extracellular polymeric substances (EPS) (Figure 14) [45].

Because of their huge surface area, metal nanoparticles ranging from 10 to 100
nanometers help create sensors and medical tools in addition to blocking bacterial
film growth. When used in small amounts, metals such as gold, silver, iron, zinc,
and copper show excellent anti-biofilm activity by crossing bacterial cell walls and
destroying the polysaccharide glue layer while blocking essential signaling proteins.
They create reactive oxygen species (ROS), which makes oxidative stress break down
both the protective layers and genetic material in a film structure [57, 58].

Application of 100 pL of 1.3% nutrient broth, 100 pL of NPs solution, and 20 uL
of bacterial cultures to the 96-well microtiter plate, and it was then incubated at 37°C
for 24 hours. Samples were washed with phosphate-buffered saline and stained with
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Disinfecting Features Purpose Microorganism types Citation
agents in action
QACs, Hydrophobic Causes dispersion in Bacillus cereus, [49, 50]
(quaternary activity, the liquid to aid in Pseudomonas spp.,
ammonium) membrane-active the elimination of Staphylococcus spp., and
agents, and surface-  microorganisms by Listeria monocytogenes.
active agents lowering surface tension
and forming micelles.
Interact with both the
yeast’s plasma membrane
and the bacterial
cytoplasmic membrane.
Efficient against viruses
that include lipids.
Interact with targets
inside cells and hind to
DNA.
Peroxide of High capacity for Free radical production Vibrio spp., [50-52]
hydrogen (H,0,)  oxidation has an impact on the Pseudomonas aeruginosa,
biofilm matrix. and Staphylococcus
aureus
PAA, (per-acetic ~ Potent oxidizers Capable of damaging Pseudomonas aeruginosa, [50, 53]
acid) DNA bases, disrupting Staphylococcus
membranes, or oxidizing aureus, and Listeria
thiol groups in proteins. monocytogenes.
NaClO, Potent oxidizing Get rid of cells because Fusobacterium [49, 54]
(sodium- agents they can oxidize the nucleatum,
hypochlorite) sulfhydryl groups of Staphylococcus aureus,
several enzymes involved Prevotella intermedia,
in the glycolytic cascade Streptococcus
and penetrate cell intermedius,
membranes. Pseudomonas, Pepto-
Able to react with a streptococcus miros,
variety of biological Listeria monocytogenes,
substances, including and Enterococcus faecalis
lipids, proteins, peptides,
amino acids, and DNA, at
physiological pH levels.
Table 4.

Lists representative compounds for the most often used disinfectants in food sector sanitary disinfection programs.

crystal violet, fixed, and then demineralized with glacial acetic acid. Od 630 nm was
obtained on an ELISA reader, alongside the positive control—ampicillin and the nega-
tive control—nutrient broth [59, 60].

Using an anti-biofilm assay, it was revealed that ZnO nanoparticles with #-Hex
and EtOAc were found highly effective against biofilm formation in all the tested
bacteria; in particular, #n-Hex-ZnO NPs significantly inhibited Bacillus subtilis, and
EtOAc-ZnO NPs inhibited Staphylococcus aureus. DCM-ZnO NPs possessed a moderate
level of inhibition, followed by the MetOH-ZnO NPs. Based on these results, ZnO NPs
with specific solvents of #-Hex and EtOAc intermediate solvents appear to be suitable
candidates for biofilm-targeting uses (Table 5).

The FAO and World Health Organization (WHO) define probiotics as benefi-
cial live bacteria consumed in sufficient amounts. The most common types are
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Figure 13.
Sophisticated nanotechnological methods for managing microbial biofilms.

Lactobacillus and Bifidobacterium, found in supplements and fermented foods like
dairy. Probiotic regulation varies by region, with the European Food Safety Authority
(EFSA) implementing the Qualified Presumption of Safety (QPS) process for evaluat-
ing the safety of microorganisms, including probiotics [61, 62]. Regulation of probi-
otic foods and their nutrition and health claims are governed by EU Regulation (EC)
No. 1924/2006 and the FDA’s GRAS system in the United States of America, which
induces interest in their use as preservatives, active packaging to replace chemical
preservatives, and biofilm controllers in food processing (Figure 15). Using particular
bacteria and their antimicrobial compounds helps extend and reduce the spoilage

of products. Further, the integration of probiotics with non-thermal technologies to
eliminate undesirable microorganisms in the finished foods significantly enhances
food safety [63].

Bacterial biofilms can be effectively treated with micro-needles (MNs) that
penetrate the biofilm’s EPS barrier for direct delivery of antibacterial agents. Research
by Yi et al. (2021) demonstrated that chitosan-zinc (CS-Zn [II]) micro-needles
effectively eliminated S. aureus and E. coli biofilms, thanks to their high surface area,
acicular design, and favorable cytocompatibility [64].

Chemical techniques for eliminating bacterial biofilms are often ineffective,
unstable in warm climates, and costly, with hazardous byproducts. In contrast,
newer biological methods like bacteriophage, bacteriocin, enzyme therapy, and novel
antimicrobial peptides (AMPs) show greater efficacy in preventing and removing
biofilms. AMPs, as cationic agents, can inhibit biofilm formation by targeting genes,
preventing bacterial adhesion, and disrupting communication signals among bac-
teria. They can be used alone or with antibiotics to treat biofilm-related infections
effectively [65].

Catabolite control protein A (CcpA) is essential for regulating carbon catabolite
repression in bacteria, particularly in Staphylococcus aureus. It influences the expres-
sion of genes related to virulence, antibiotic resistance, and biofilm formation.
Inhibitors of CcpA, such as silver, can impair its DNA-binding capability, leading to
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Figure 14.
Nanomaterials’ molecular mechanisms and tavgets for inhibiting biofilms.

reduced expression of pathogenic factors like alpha-hemolysin and lower bacterial
pathogenicity [66].

Bacteriophages are becoming popular in replacing conventional antibiotics since
they selectively kill bacteria. They have the added advantage of being able to produce
targeted actions within bacterial biofilms, thereby increasing their efficiency. Also, it
was discovered that a phage-derived enzyme, hemolysinase, can degrade the peptido-
glycan layer of bacterial cells, thus also affecting the structural integrity of biofilms
(Figure 16) [67].
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Bacterial strain NPS Avgabs Std. dev SEM % Biofilm inhibition (+SEM)
MtOH 0.410 19.87 14.14 73.26%
n-Hex 0.275 3.28 2.32 82.01%
Bacillhus subtilis DCM 1.100 9.84 6.96 28.09%
EtOAc 0.590 577 4.08 61.37%
-ve control 1.531 0.00 0.00 0%
Ampicillin 0.575 0.00 0.00 62.44%
MtOH 0.688 14.86 10.51 52.78%
n-hex 0.560 32.10 22.70 61.47%
DCM 0.530 28.82 21.09 63.50%
E. coli EtOAc 0.450 4.75 6.37 69.40%
-ve control 1.456 0.00 0.00 0%
Ampicillin 0.380 0.00 0.00 74.01%
MtOH 0.512 21.98 15.55 72.33%
n-hex 1.680 57.06 40.35 51.70%
DCM 0.390 14.82 10.48 78.94%
K. pneumoniae EtOAc 0.635 9.39 6.64 65.72%
-ve control 1.846 0.00 0.00 0%
Ampicillin 0.365 0.00 0.00 80.20%
MtOH 0.670 2230 15.77 61.46%
n-hex 0.540 14.45 10.22 67.60%
DCM 0.485 28.16 19.91 73.73%
S.aureus EtOAc 0.320 8.96 6.34 81.65%
-ve control 1.753 0.00 0.00 0%
Ampicillin 0.825 0.00 0.00 52.86%
Tables.

%I of biofilm by bacterial strains.

The QS (quorum sensing) system regulates the activation of virulence genes at
various stages of bacterial biofilm development. Research indicates that inhibiting
this mechanism can prevent biofilm formation. Autoinducers facilitate communica-
tion among microorganisms by impacting bacterial density and gene expression. The
expression levels of specific genes correlate with biofilm production and virulence
factors. Key QS signaling molecules include N-acyl-homoserine lactones (AHLs),
Auto-inducer peptides (AIPs), and Autoinducer-2 (Al-2) [68].

Enzymes are crucial in forming and managing extracellular polymeric substances
(ESPs), intercellular communication, biofilm development, and dispersion. They can
inhibit bacterial biofilms by disrupting their extracellular framework and quorum
sensing systems. Key anti-biofilm enzymes include polysaccharide-degrading
enzymes, oxidase, and proteolytic enzymes, which can hydrolyze components of
ESP. Consequently, enzymes are preferred in biological methods for preventing
biofilms [69].
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Probiotics’ uses in food safety: Packaging, preservation, and the management and elimination of foodborne
pathogen biofilms.
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Role of bacteriophage against bacteria.

Aptamers are one-stranded oligonucleotides or peptides produced in vitro that
selectively bind to various molecules, including cells and proteins. Their unique
three-dimensional structure allows them to recognize antimicrobial agents and
bacterial biofilms specifically. Their antibacterial effects are believed to stem from
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Role of aptamers against bacteria.

the depolarization of bacterial cell walls, making aptamers potential alternatives for
inhibiting biofilm formation (Figure 17) [70].

The vaccine potential of infectious disease antigens from biofilm increases when
researchers study outer membrane vesicles (OMVs) from these communities. These
vesicles protect better than previously studied antigens. The immune system develops
durable protection, as well as CD4 T-body cell presence, through OMV vaccines,
according to pertussis test results. Research shows that biofilm-resistant surface
designs can prevent bacteria from attaching and forming biofilms through the use of
LIS inspired by the Nepenthes pitcher plant [71].

Chemicals that prevent quorum sensing (QS) are called anti-virulence or anti-
pathogenic medicines. Researchers led by Rasmussen developed three QS inhibitor
(QSI) selector systems using reporter genes linked to QS-regulated promoters to
discover valuable compounds (Figure 18). Synthetic and natural substances can
selectively bind to LuxR-type receptors, but new QS inhibitors targeting various
QS signal receptors have also been found. Notably, Pseudomonas aeruginosa has two
N-acyl-HSL QS systems and an additional alkyl-quinolone (AQ )-dependent QS
system that regulates several virulence gene expressions [72].

For testing the efficacy of synthetic and natural QSIs, this study employs three
QSIS systems (QSIS1, QSIS2, and QSIS3) in engineered E. coli strains. Media contain-
ing plasmids for each system, pPhlA, pLasB, and pGFP, are then electroporated in
E. coli under normal conditions at 37°C and LB Media with appropriate antibiotics.
QSIs investigated include synthetic furanone and natural curcumin, which are used at
1-100 pM concentrations. Specifically, QS inhibition is analyzed using fluorescence
(GFP assay), cell viability (sucrose toxicity assay), and gene expression (qQPCR for
phlA, lasB, and GFP). Two methods, the crystal violet assay for determination of
biofilm formation and the caseinase and elastase assays for exoenzyme activity, are
used to estimate the virulence of Pseudomonas aeruginosa (Table 6) [85-87].

Commercially synthesized furanone-based QS inhibitors proved to have the
highest impact, inhibiting up to 90% of QS (p < 0.01). In contrast, natural QS
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Figure 18.

Shows three QSIS systems in action. (A) E. coli was transformed in QSIS1 using an engineered vector that
expressed the phlA gene, which produces the hazardous gene product controlled by LuxR. (B) The expression of
the sacB gene, which causes cell death when sucrose is present, is controlled by the LasR-regulated lasB promoter
in QSIS2. (C) LuxR control is also the foundation of the QSIS3 system. The cI repressor, which is regulated by QS
via the luxI promoter, controls the input and GFP genes, which give kanamycin vesistance and green fluorescence,
vespectively.

Compound QSIS system Inhibition Impact Relevance  Reference

indicator (Mean + SEM) to statistics

(p-value)
Synthetic QSIS Expression of PhlA expression is 85% P<0.01 [73, 74]
furanone (QSI 1) (phlA gene) PhlA genes inhibited (1 pM)
Synthetic QSIS, (Sucrose) Cell 75% decrease in cell P<0.05 [75, 76]
furanone (QSI 2) (sacB gene) viability death caused by sucrose
(10 pM)

Natural curcumin QSIS; (GFP Fluorescence 40% reduction in 50 pM P<0.05 [77,78]
(QSI1) expression) of GFP GFP fluorescence
Natural curcumin QSIS; (phlA Expression of PhlA expression is P>0.05 [77,78]
(QS12) gene) the PhlA gene  reduced by 30% (25 pM)
Synthetic QSIS; (GFP Fluorescence 90% decrease in 100 pM P<0.01 [79, 80]
furanone (QSI 3) expression) of GFP GFP Fluorescence
Control All systems QSI, orlackof  Noimpact on QS activity — —

inhibition or gene expression
+ve Control All systems Different Complete suppression of P<0.01 [81, 82]
(N-Acyl-HSL) inhibition gene expression

markers

P, aeruginosa Biofilm assay Biofilm Biofilm formation is P<0.05 [83, 84]

development reduced by 80% (10 pM)

Table 6.
Synthetic and natural QSIs on QSIS systems to give a quorum sensing inhibition effects.
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inhibitors, including curcumin, had a relatively moderate effect, inhibiting 30-40%
of QS (p > 0.05). Complementing these findings, biofilm assays demonstrated that
synthetic QSIs inhibited Pseudomonas aeruginosa biofilm formation by 80%. Finally,
synthetic QSIs exhibited a higher level of efficiency at preventing quorum sensing
than their natural counterparts.

Disrupting cell-to-cell interactions and quorum sensing is an effective method
for preventing biofilm formation. Notably, the metalloprotein AHL-lactonase from
Enterobacter species can degrade N-AHL, which helps inhibit biofilm formation by
Aeromonas hydrophila. Lactobacillus custom ZHG 2-1 has also been recognized for
breaking down homoserine lactones and combating P. aeruginosa biofilms. Various
quorum-quenching substances and enzymes have been identified, primarily from
natural environments. Recent research indicated that ethyl acetate extracts from
Natrinemaversi possess QS inhibitory effects on P. aeruginosa biofilms. Overall, natural
plant-derived QS inhibitors are being explored as promising strategies for targeting
biofilms in the future [88].

Syngas component fermentation involves a complex interaction between gaseous
substrates, liquid media, and solid cells, which can complicate mass transfer between
gas bubbles and cellular reaction sites. Techniques that enhance mass movement at the
gas-liquid interface improve gas transfer despite low diffusion in liquids and micro-
bial mass obstructing active sites. There’s growing interest in optimizing the volu-
metric mass transfer coefficient (kLa) through bioprocessing, with advanced biofilm
reactors contributing to higher cell densities and better mass transfer while reducing
energy use. The Wood-Ljungdahl pathway allows autotrophic microorganisms to
use C1 compounds (CO or CO2) for carbon and H2 for energy, supporting bacterial
growth through reduction processes. The acetogenesis stage converts CO and H2 into
acetyl-CoA, producing various end products during the solventogenesis stage, includ-
ing ethanol, butanol, acetate, acetic acid, and butyrate (Figure 19) [90-92].

Syngas fermentation has been conducted at various scales using various biofilm
reactors. Subsequent sections examined how different biofilm strategies affect
gas-liquid mass transfer rates and analyzed the operational principles of bioreactor
designs used for syngas fermentation.

In the 1980s, the monolithic biofilm reactor (MBR) was created by combining
monolithic packing materials with bubble column reactors to improve cell density
and gas-liquid mass transfer while minimizing microbial washout (Figure 20). MBR
features straight channels with thin walls, typically 1 to 5 mm in diameter, and its flat
design enhances performance by reducing bends and barriers. In maintaining con-
sistent pressure, MBR outperforms older biofilm reactors like the Tickle Bed Reactor
(TBR) [93].

Biofilm reactors with hollow fiber membranes (HFMBR) are widely used in bio-
fuel production and wastewater treatment, particularly in syngas fermentation. These
reactors combine membrane filtration with a bubble column, allowing substrates to
pass through gas-permeable membranes that promote microbial growth (Figure 21).
As microbes attach to the membranes and proliferate, they convert nutrients into
valuable products like ethanol and fatty acids, which diffuse into the surrounding
liquid for collection [94].

Bioleaching is a cost-effective and sustainable microbial method for extract-
ing metals from refractory ores. Key bacteria involved in this process include
Acidithiobacillus, Leptospirillum, Fervoplasma, and Sulfobacillus, which help dissolve
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The Wood-Ljungdahl metabolic route: a) phase of acetogenesis; b) period of solventogenesis [89].

minerals by releasing oxidizing agents like H* and Fe**. This biological approach is
more effective in leaching minerals than traditional abiotic methods [95].

EPS (extracellular polymeric substances) plays a vital role in bacterial attach-
ment to mineral surfaces, significantly enhancing microbial adhesion and metal
ion absorption, which boosts bioleaching efficiency. The contact mechanism relies
heavily on effective microbial consortia, particularly sulfate-reducing bacteria
(SRB), contributing to both contact and bioleaching efficiencies. The EPS forms a
layer between sulfide ore and bacterial cell membranes, facilitating metal dissolution
through covalent bonds. Additionally, the formation of biofilms improves interfacial
contact between bacteria and minerals. It enhances bacterial survival in harsh envi-
ronments, such as high metal concentrations and low pH, during bioleaching [96, 97].
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Biofilms enhance the performance of cell biological sensors by improving surface
adhesion and cell metabolic activity, addressing issues related to cell immobilization
and lifespan. While biofilms can negatively affect various environments, they are also
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Using bacterial biofilm as an identification factor in sensing techniques.

valuable for real-time and in situ monitoring of environmental conditions through
biofilm-based biosensors (Figure 22) [98].

Electrochemical sensors utilize electroactive biofilms (EABs) with electroactive
bacteria, allowing for spontaneous immobilization near electrodes without harmful
reagents. These biofilms can sustain themselves for extended periods and generate
electrical energy from organic compounds, making them practical for powering
devices [99].

MFCs (Microbial Fuel Cells) estimate microbial load and biochemical oxygen
demand (BOD) by detecting organic water pollution. BOD is determined by mea-
suring the change in dissolved oxygen levels in a water sample after five days of
incubation with microorganisms at 20°C. Coupled EAB-MFCs provide rapid BOD
measurements in under a day and demonstrate improved substrate degradation with
glucose and acetate. However, their ability to identify specific organic pollutants is
limited due to their nonselective nature [100].

Microbial Fuel Cells (MFCs) can serve as sensors for detecting organic pollut-
ants and heavy metal ions by monitoring the current output, which decreases when
toxins are present. Despite their low sensitivity and specificity, MFCs are valuable for
real-time water quality analysis in rivers, groundwater, and industrial effluents due to
their low cost, independence from commercial electricity, and ease of use. They help
evaluate sewage treatment efficiency and assess environmental impacts on agricul-
tural productivity [101]. Additionally, biofilms play a vital role in pollutant removal
and enhance stability and productivity in various biotechnological applications,
including manufacturing and medicine.

Some frustrating characteristics of planktonic mono-cultures exist, although
well-recognized biofilm models are of paramount importance, especially in the dental
field. According to Bernhard Guggenheim, biofilms can assess oral plaque conditions;
it is possible to use them in preventive dentistry. The text incorporates biofilms in
mass transportation, biofilm impact on dental enamel, techniques to quantify oral
microbiology, bacterial organization, and potential in identifying antibiotic response.
Also, Acetobacter xylinum synthesizes cellulosic biofilm that may be used as partial
skin substitutes in certain skin injury cases. Tubular bacterial nano-cellulose (BNC)
hydrogels are used for regenerative medicines, as substitutes for blood vessels and
other organs, and as temporary carriers for cells and drug delivery systems [102-105].

Biofilms that form nano-cellulosic structures can be utilized in bioprinting,
particularly in creating bio-inks with living cells for various applications in biomedi-
cine. Nano-cellulose is favored for its ability to mimic collagen fibril networks and its
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potential use in cartilage tissue engineering. Additionally, nano-cellulose materials are
effective, targeted, and safer medication delivery systems.

Biotransformation refers to converting fine chemicals into higher-value products,
but it can pose toxicity challenges due to harmful substrates and byproducts from
microbes and bio-catalytic enzymes. Zymomonas mobilis, which form biofilms, dem-
onstrate more excellent resistance to substances like benzaldehyde than planktonic
cells. This biofilm formation offers benefits such as self-immobilization of biocata-
lysts, long-term stability for continuous operations, and increased resilience against
toxic substrates and products in synthesizing fine chemicals [106].

Talks for the second Biofilm Bash would start in 2015, and they held their event
from May 7 to May 9, 2019, at Ponderosa Lodge in Leavenworth, Washington.

Staged by key stakeholders such as Mark Shirtliff and Paul Stoodley, the bash raised
concerns. Also, it sought to define knowledge deficits regarding biofilms to enhance
synergy among the key stakeholders. The IDP event revealed that the study of biofilm
is entirely disassociated according to the different disease states, such as dental calcu-
lus and medical devices associated with infectious diseases. They involved grouping
participants into small groups where suggestions were generated that increased
participation by asking six questions [107].

Managing for future technologies, the text discusses biofilm research and its pos-
sible advantages of importing innovations from other subjects. It outlines important
issues, including the lack of methods for integrating label-free chemical identification
with micro-scale imaging, monitoring biofilm environments, and applying machine
learning to biofilm interaction patterns in large results datasets. The interchangeabil-
ity of methods between environmental and clinical research is also stressed [107].

The text discusses the emergence of multiple-drug resistance in bacteria, which
causes 35,000 deaths in the United States annually. New therapies are inadequate
because of their high costs and lengthy approval procedures. The main research
activities are on enhancing currently available antimicrobials against biofilm-associ-
ated resistance with applications of micro and nanotechnology [42].

Nanotechnology offers a promising approach for combating biofilms by targeting
the outer layer of the extracellular polymeric substance (EPS) membrane. It allows
for the deposition of antibacterial agents directly onto pathogens without degrada-
tion and enables prolonged release of antimicrobials at effective concentrations.
Additionally, nanotechnology exhibits antibacterial properties that could lead to the
development of new antimicrobial surfaces or coatings and demonstrates anti-biofilm
characteristics through the production of reactive oxygen species (ROS) and direct
cell-killing action [108, 109].

New approaches in biofilm control reveal the importance of utilizing nanotechnol-
ogy and nanoscale coatings in controlling biofilms that impact multiple industries,
such as medicine and the environment. The study indicates that antimicrobial peptides
or nanoparticle-impregnated coatings significantly decrease biofilm formation and
infection probabilities. Besides, CVD graphene-derived nanomaterials are nontoxic
and renewable to alter the biofilm architecture in water treatment plants [110, 111].

The text discusses advancements in functional surfaces that prevent bacterial
adhesion and growth through techniques like genetic modification and nanotech-
nology. It highlights the use of engineered biofilms in sustainable bioremediation
to degrade hazardous waste and the effectiveness of nanoscale delivery devices in
reducing biofilm resilience by over 70% with quorum-sensing inhibitors [112, 113].
The strategy aims to minimize toxic biofilms while promoting beneficial strains,

213



Exploring Bacterial Biofilms

which could positively influence industries such as food production, medicine, and
environmental conservation.

The industry is moving toward more environmentally friendly biofilm control
processes and techniques, including enzymatic methods to dissolve biofilm matrixes,
which are friendly to ecosystems. In agriculture, the method of utilizing microbial
consortia to combat pathogenic biofilms is on the rise since it poses revenue to flora
health and reduces the utilization of synthetic renewal agents. Despite the importance
of biofilm in industrial development, adequate and reasonable control of biofilm for-
mation is critical for sustainable growth and protection of the environment [114, 115].

Biofilm research aims to combine advanced technology with sustainability to
achieve innovative and eco-friendly solutions for industrial applications.

3. Conclusion

Biofilms have greatly interested environmental and industrial sciences since they
present both a problem and a solution. It can cause issues such as food contamination
and corrosion in industrial processes, so they must be controlled. However, biofilms
also have valuable applications in bioleaching, bioremediation, and wastewater treat-
ment, indicating the importance of sustainable development. New considerations of
engineered microbial systems and the ability to prevent biofilm formation from nano-
coatings propose new applications for biofilms. This suggests the necessity of a broad
approach to studying their activities in industrial systems so that companies can use
the challenges and opportunities of biofilms for sustainable development. Future
projects should address diversified solutions to global industrial and environmental
challenges [116, 117].
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Final thoughts

Therefore, biofilm analysis is crucial in sustainable development since it dis-
charges numerous industrial concerns and provides solutions on the same platform.
Although biofilms devastate sectors like healthcare and food production, they present
many opportunities in bioleaching, renewable energy production, and bioreme-
diation. More research should include AI, synthetic biology, and nanotechnology
applications in biomedical research to manage and exploit biofilms. Thus, biofilms are
shifting from being seen as barriers to attractive attributes as industries incorporate
natural changes. The future will require mainstreaming strategies that seek to address
whether or not beneficial use can be made of these adverse effects, along with contin-
ued research and multinational collaboration [20].
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The Capacity of Bacteria Biofilm
for Bioremediation

Michael Tkechukwuka Ejafu and Omodamola Paulina Akinro

Abstract

The global growth in terms of industrialization and urbanization hasled to the
release of various toxicogenic, carcinogenic, and recalcitrant substances into the
environment. Remediation involves physical, chemical, and biological methods,
and there is a need for polluted environments to be remediated using approaches
that are eco-friendly. Bioremediation involves using microbes to clean up enormous
amounts of pollutants from soil and water. It is an eco-friendly, cost effective,
sustainable process that decomposes a wide range of pollutants. Biofilms are
complicated functional communities comprising microbes enclosed in an exopoly-
saccharide matrix and attached to surfaces in an aqueous environment. Biofilms
synthesis and development are regulated by the expression of genes in their cells, as
well as other factors like nutrition availability, UV light, desiccation, pH, tempera-
ture, pressure, salt concentrations, and chemical presence. The microbes that form
biofilms have been discovered to be useful in bioremediation because of their high
tolerance to contaminants and environmental stress in addition to their capacity
to degrade various toxic pollutants like insecticides, pesticides, and hydrocarbons
utilizing a number of catabolic pathways. Several microbes have been implicated
in biofilm production. Bacteria biofilms utilize quorum sensing, chemotaxis, ion
exchange, complexation, precipitation, the presence of intracellular and extracel-
lular enzymes, EPS production, and their tolerance and resilience in addition
to other properties they possess to aid bioremediation. This chapter highlights
bacterial biofilms, explaining their development, structure, and functions as they
concerns bioremediation and biodegradation. It also describes various bacterial
biofilm-mediated bioremediation solutions that can be used and their effectiveness
in removing contaminants from our environment.

Keywords: bioremediation, environment, biofilms, bacteria, contaminants

1. Introduction

The increasing rate of urbanization and industrialization has resulted in a
multitude of pollutants that are released into the environment, primarily from the
mining industry (cyanide and sulfuric acid), the manufacturing industry (dyes and
detergents), the agricultural sector (fertilizers and pesticides), and construction
companies (cement and metals). These pollutants have a negative impact on the health
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of humans, animals, and plants [1]; for example, wastewater from dye-producing
companies is linked to antimony, chromium, and mercury [2]. Aluminum, copper,
zinc, nickel, lead, and arsenic are among the pollutants released into the environment
by the agricultural sector’s use of fertilizers, pesticides, and herbicides [3, 4].

Similarly, the ecosystem is negatively impacted when untreated contaminants
from agri-food industry wastewaters are dumped into river canals and other water-
bodies [5, 6]. Additionally, crude oil contributes significantly to environmental
pollution, especially through pipeline vandalism, transportation leaks, and/or
unintentional spills [7]. Certain compounds that are harmful to the near environ-
ment, such as lead, arsenic, cadmium, and copper, are emitted during mining [8].
During the mining process, other ecologically hazardous chemicals are utilized, such
as sulfuric acid and cyanide, among others [9, 10]. Similarly, other industrial wastes,
such as those from the cement industry, release copper, zinc, and cadmium into
the top soils [11]. Water is contaminated by lead and chromium from pharmaceuti-
cal effluents [12], as well as by plastics that include lead, manganese, iron, copper,
chromium, silver, cadmium, antimony, and mercury [13].

Furthermore, pollutants from the coal industry include copper, arsenic, mercury,
chromium, lead, nickel, cadmium, and zinc [14]. Both terrestrial and aquatic envi-
ronments, as well as the people who live there, are extremely poisoned by these heavy
metals. Lead causes liver and kidney dysfunction, cardiovascular illnesses, and immu-
nological and reproductive system malfunctions, whereas mercury, cadmium, and
lead all affect the human central nervous system, particularly in newborns [15-18].

Cancers, bone problems, neurotoxic and nephrotoxic complications, and
reproductive system abnormalities are all brought on by cadmium [16-18]. Heavy
metal-containing waste is frequently inappropriately dumped into soil and aquatic
ecosystems. Fish and other aquatic life may perish if they are dumped into bodies
of water; otherwise, they are biomagnified and result in chronic illnesses in both
people and animals. As a result, these contaminants must be cleaned up using physi-
cal, chemical, or biological techniques. Both chemical and physical bioremediation
techniques have been around for a while, but they have disadvantages. For example,
the chemical bioremediation process requires specialized equipment and a specialist,
while the physical bioremediation process is costly [19].

Thus, a better option biological remediation or bioremediation has become neces-
sary. One of the most successful, economical, and environmentally beneficial tech-
nologies for transforming pollutants is bioremediation [20]. Although both plants and
microorganisms may be used in biological restoration, plants are preferred because
they develop more slowly and are more difficult to manage than germs [21].

Furthermore, bacteria enhance soil fertility, promote plant growth, and reduce
the effects of heavy metals [22]. Through biomineralization, biotransformation,
biosorption, and bioaccumulation, native microbial communities and microorgan-
isms can detoxify harmful metal pollution. Among the several biological remediation
methods, biofilm-mediated remediation has been considered a safe, capable, and
well-organized alternative to the use of planktonic microorganisms for the removal or
refining of contaminants. Bacteria may be utilized to treat wastewater in a number of
ways, including dead or alive, immobilized or suspended [23], and they are now being
exploited as a novel remedial alternative for the biological degradation of environ-
mental toxins [24].

This chapter explores the structure, development, and functional roles of bacte-
rial biofilms in bioremediation and biodegradation with recommendations on how to
enhance their capacity for use in bioremediation.
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2. Remediation techniques

The physical, chemical, and biological methods are the three categories of reme-
diation (Figure 1). Booms, sorbent materials, and skimmers are used in the physical
cleanup process. Boom is a material-based physical barrier that absorbs oil contaminants
and stops them from spreading until a more thorough restoration process is completed
[25, 26]. Following booms, skimmers, and sorbents are other techniques used in absorb-
ing and adsorbing the contaminating compounds [12]. Because the bloom remediation
approach depends on buoyancy and roll reaction, it presents a significant problem.
Booms float and stay on the water’s surface for a longer period of time when it is buoy-
ant. The torque needed to rotate the bloom from its upright position is known as the roll
response. An increased roll response results in a higher remediation process [27].

In order to stabilize and eliminate heavy metals from the environment, chemical
remediation involves the addition of chemicals like sulfide, phosphate, charcoal,
aluminum salts, clay minerals, and silico-calcium compounds. Adsorption, reduc-
tion, oxidation, complexation, precipitation, and ion exchange are the processes that
underlie the utilization of these substances [28]. Although chemical treatment is a
quick, fast, and straightforward method, the chemical utilized may also pollute the
environment [28].

Another approach to treating pollution is bioremediation, which is a safe, eco-
nomical, and sustainable remediation technology [29, 30]. Utilizing organic materials
like microorganisms and plants is part of the technique. The kind, location, and
degree of pollution all affect this method’s feasibility [31]. Conversely, microbes have
demonstrated effectiveness in cleaning up environmental contaminants. Because of
their ease of development, quick growth time, and simplicity of manipulation, they
are chosen over plants in cleanup. Because 40-80% of bacterial cells are now known
to form biofilms [32], it is imperative to enhance the utilization of microorganisms
as bioremediation agents to support a sustainable ecosystem [1]. Bacterial biofilms
may have positive effects in addition to unfavorable ones [33]. In other words, bac-
terial biofilm development is frequently significant in industrial and agricultural
contexts [34, 35]. The current applications of these advantageous biofilms include

Figure 1.
Types of remediation [1].
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bioremediation treatment of hazardous pollutants [36], wastewater treatment [37],
marine ecosystem protection [38], corrosion prevention [39, 40], and biological con-
trol agents against phytopathogens and biofertilizers to improve crop production [41].

2.1 Bacteria biofilm-mediated bioremediation

Bacteria biofilm-mediated bioremediation is a process that employs bacteria
biofilms to remove pollutants from the environment. Biofilms are groups of bacteria
attached to surfaces, they are surrounded by a matrix of extracellular polymeric
substances (EPS) [24, 42].

2.2 Bacterial biofilms

Bacterial biofilms comprise a population of bacteria that are self-regulating and
upon colonizing surfaces become organized to form a structure comprising a polymeric
matrix self-generated to promote their growth [43, 44]. Surface proteins, capsular poly-
saccharides, adhesins, autolysin, anaerobicity, carbon dioxide, glucose, osmotic levels,
pH, temperature, ionic concentration, nutritional environment, and surfactant presence
all affect how competent bacterial biofilms are. Mature bacterial biofilms are geographi-
cally, temporally, and dynamically diverse communities that rely on a range of topologies
based on the composition of microbial consortia and the surrounding environment
(osmolarity, pH, shear pressures, temperature, and nutrient availability) [45, 46].

The basic form of bacterial biofilms is influenced by the structure of polysac-
charides. It is composed of polysaccharides as well as biomolecules including DNA,
protein, lipids, and chemical substances. Andersson et al. examined the adhesion
properties and biofilm development of 13 bacterial strains in both pure and mixed
cultures [46]. Turki et al. used the rotating bio-disk technique (RB) to investigate
the composition and diversity of bacterial communities in a semi-industrial test
environment. They stated that the existence of helpful and useful species that could
be essential to the wastewater purification process was discovered by analyzing the
dominance of bacteria. Most biofilm samples contained the well-known bioremedi-
ation-capable species Cronobacter sakazakii, Enterobacter agglomerans, and Pantoea
agglomerans. The frequent identification of Salmonella communities indicates that the
RB system had minimal impact on Salmonella [47].

Numerous aerobic and anaerobic bacterial species that frequently exploit the
breakdown of contaminants as an energy source can be found in biofilm-mediated
remediation [48]. Bacteria can employ oxygen as a final electron acceptor during
aerobic degradation to break down harmful substances into harmless byproducts,
mostly carbon dioxide and water [49, 50]. In anaerobic environments, electron
acceptors like nitrate and sulfate can act as oxygen substitutes to change pollutants
into less harmful or innocuous compounds, and the byproduct may be dependent on
the electron acceptor [48]. Heavy metals, pesticides, oil spills, dyes, persistent organic
pollutants (like polychlorinated biphenyls, polycyclic aromatic hydrocarbons, and
polychlorinated ethenes), explosives, and pharmaceutical products are among the
various environmental pollutants that are currently being removed with bacterial
biofilm-mediated remediation [49]. Therefore, the industry uses biofilm-mediated
bioremediation to clean up polluted groundwater and soil [49]. These contaminants
can be cleaned up by Pseudomonas, Dehalococcides, Arthrobacter, Bacillus, Alcanivorax,
Cycloclasticus, Burkholderia, and Rhodococcus [51, 52]. The use of bacterial biofilms in
bioremediation is probably going to be on the increase as shown in Figure 2 [24].
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Figure 2.
Biofilm-mediated biovemediation strategies [24].

2.3 Structure and development of bacteria biofilms

Bacteria biofilm production is often a complex process that can involve both
single and mixed microbial cell types. Both naturally occurring and artificially
created settings have the capacity to support the growth and formation of microbial
biofilms [53]. Biofilms are often found in aquatic plants, marshes, lakes, rivers, cov-
ering rock streams and sediments, and soil [54]. The biofilm developmental process
in bacteria is a significant multistep mechanical one, including surface-attached
clusters of microbial cells encased in an extracellular matrix. The five phases of the
complicated dynamic process that constitutes the creation of biofilms include their
initial attachment, the production of EPS which is a buildup to “irreversible” attach-
ment, the early biofilm architecture development, maturity of biofilm architecture,
and single cells dispersal [55].

Biofilms are characterized by their resistance to hazardous contaminants, anti-
microbial agents, and desiccation. Creation of nutrient gradients, which permits a
variety of metabolic processes and cooperative interactions between microorganisms
[56, 57]. Both gram-positive and gram-negative bacteria, including Pseudomonas and
Staphylococcus species, are capable of forming biofilms [56].

2.4 Stages of bacteria biofilm formation

Environmental stressors include UV light, desiccation, low nutrition availability,
high pH, high temperature, high pressure, high salt concentrations, and antimicro-
bial chemicals that cause bacteria to develop biofilms. The processes involved in the
production of bacterial biofilms are intricate in this case [54, 58-60]. After a few
free-moving bacteria come into touch with an appropriate surface and set up com-
munication roots to acquire nutrition sources and produce a slimy substance called
EPS, biofilm formation begins. There are five phases in total for biofilm development
(Figure 3): (1) initial reversible attachment of the bacteria to the friendly surface, (2)
irreversible attachment that results in the formation of the extracellular matrix (ECM)
monolayer surface, which is composed of proteins, cellular debris, nucleic acids, and
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Figure 3.
The stages of bacterial biofilms formation [53].

polysaccharides, (3) biofilm growth and quorum sensing (QS), (4) maturation stage
II, which results in the formation of extracellular matrix (EPS) to encase the biofilm
and aid in interactions between cells and the matrix, and (5) dispersion stage, which
separates from parent biofilms and repeats the cycle in a different location [56].

3. Mechanisms of bacteria biofilm-mediated bioremediation

The mechanisms of bacteria biofilm-mediated bioremediation involve the strate-
gies that can be deployed by bacteria biofilms to aid bioremediation. These include
some properties they possess like quorum sensing, chemotaxis, lon exchange,
complexation, precipitation, the presence of intracellular and extracellular enzymes,
EPS production, and their tolerance and resilience (ability to withstand stress). The
developmental phases of bacterial biofilm formation and its implication in bioreme-
diation. This is illustrated in Figure 4 [61].

3.1 Quorum sensing (QS)

This involves the communication mechanisms connecting two microbial cells,
this process coordinates their social life and several other changes in their behavior
it is a signaling system that controls the expression of genes in biofilm communities
[24]. The use of biofilm-forming bacteria for biodegradation through QS has shown
promise in the treatment process that eliminates pollutants and enhances the restora-
tion of the ecosystem.

It also plays an important role in biofilm formation, solubilization, and bio-
transformation of pollutants [62]. Genetically modifying the QS apparatus may be
important in modulating vital characteristics relevant to environmental applica-
tions, including biofilm formation and other qualities that are important for bacteria
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Di}elopmenml phases of bacterial biofilm formation and its implication in bioremediation [61]. Biofilm
formation begins when planktonic cells attach to the substratum. Thus, Bacteria with the ability to form
biofilms over the surface of hydrocarbons are mostly suited for bioremediation. (b) The proliferation of cells
aids the formation of a monolayer over the surface of hydrocarbon. The physicochemical interactions and
extracellular proteins support the attachment of cells to the substratum. (c-d) Increased levels of autoinducers
and extracellular polymeric substances (EPS) resulting from continuous cell growth causing solubilization and
degradation. (e—f) Biofilm then progresses and becomes mature with enhanced resistance to toxins and harsh
environmental factors. This increase in vesilience promotes the process of bioremediation. In the mature biofilm
some metabolic processes that take place simultaneously to assist in biodegradation.

when they are degrading or detoxifying pollutants. QS signals can also be useful in
fabricating engineered biofilms that possess enhanced degradation kinetics [61].
Autoinducing peptide (AIP) and N-acyl homoserine lactone (AHL) are major quo-
rum sensing (QS) signaling of gram-positive bacteria and gram-negative bacteria
respectively [42]. Quorum sensing functions utilized for bacteria bioremediation
technology are illustrated in Figure 5 [61].

3.2 Chemotaxis

Chemotaxis is a movement in the cell that is controlled by gradients of
chemoattractants or chemorepellents, these substances are majorly found in
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Quorum sensing functions utilized for bacteria bioremediation technology [61].

prokaryotes. This innate ability assists bacteria to recognize and respond to the
complex tapestry of chemical gradients that pervade their surroundings enabling
them to find food and survive [63]. This process simply allows microorganisms
to swim toward pollutants [42]. In other words, it enables cells to sense and swim
in the direction of xenobiotic compounds when the carbon source is limited.
Chemotaxis is a major factor when biofilms are being formed, it aids the move-
ment of microbes along the substratum and forms microcolonies that surmount
limited substrate accessibility and bioavailability. Although certain bacteria have
evolved chemo-repellent responses to anthracene and pyrene in the presence of
metals, positive chemotaxis has been recorded toward naphthalene [64]. The role
of bacteria biofilm and chemotaxis in the metabolism of a polycyclic aromatic
hydrocarbon (PAH) in Figure 6 [65, 66].

3.3Ion exchange, complexation, and precipitation

These are processes that allow biofilms to absorb, adsorb, and immobilize pollut-
ants [42]. The characteristics of the microbial cell surface, support, and environmen-
tal circumstances all influence how well bacteria cells are immobilized and adsorbed,
the factor that determines the adsorption of bacteria cells are listed in Table 1 [67].
Biofilms can also use biosorption, enzymatic reduction, and bioprecipitation to
sequester heavy metals [68].
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The role of bacteria biofilm and chemotaxis in the metabolism of a polycyclic aromatic hydrocarbon (PAH) [65].

Support Environmental factors Microbial cell

Roughness Ph EPS

Porosity Oxygen concentration Age of cells

Hydrophobicity Temperature Physiological state of cells

Superficial charge Nutrient availability Hydrophobicity

Toxicity Flow velocity Flagella, pilli

Type of functional groups Cations/anions Fimbriae, glycocalyx
Antimicrobial agents Surface proteins
Hydrodynamic forces

Adhesive forces

Rheology

Table 1.
Factors determining bacterial cells’ adsorption [67].

3.4 Intracellular and extracellular enzymes

These enzymes break down pollutants by adding oxygen atoms to the pollutant’s
structure [42]. Bacteria can also create biofilms that have a variety of metabolic pro-
cesses for breaking down harmful substances like hydrocarbons, including aliphatic
and aromatic hydrocarbons, which are broken down by enzymes such as dioxygenases
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and alkane hydroxylases [69]. Some enzymes also hydrolyze organophosphates to
break down pesticides and insecticides into less toxic forms [70].

3.5 EPS production

The production of EPSs gives rise to electrostatic interactions that help maintain
the biofilm structure, interacting with pollutants deploying processes like binding,
sorption, and precipitation leading to their breakdown and remediation [42, 71].
Also, EPS interacts with pollutants utilizing other mechanisms such as solubilization,
emulsification, ion exchange, and complexation. Aside from that, the polyanionic
properties of EPS aid their binding metal ions through electrostatic forces and form

Sorption

@ POPs r

adsorption site
e

Degradation

Photodegradation

“OH
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= Hydrolase

IEPS* Enzymes catalysis

i & Oxidoreductase

Extracellular
electron transmission

® Cytochrome C
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) Polysaccharide

Figure 7.
The role of EPS in degradation pollutants in soil [75].

EPS component Role in biofilm Significance in bioremediation

Neutral Structural component Provide stability

polysaccharides

Amyloids Structural component Provide stability and resistance

Hydrophobic Ion exchange, Sorption Increase solubility and binding hydrophobic

polysaccharides organic compounds, metal binding, and
detoxification

Polymer Polymer degradation Oxidoreductase and Hydrolyases are helpful

degradation in PAHs degradation

Monomers and Nutritive source at starvation

Help in preliminary acclimatization to

polymers pollutants
Nucleic acids Informative, gene transfer, Transfer of genes useful for the degradation
structural of xenobiotics
Biosurfactant Initial microcolony formation, Component cells within biofilms to solubilize
development of biofilm, formation and utilize substrates
of water channels
Table 2.

Role of EPS components in biofilm and possible significances in environment restoration [61].
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organometal complexes [72]. In addition, EPS aids the solubilization and sorption

of several organic compounds, increasing their bioavailability to bacterial cells and
enhancing their enzymatic breakdown into nonirritant compounds such as H,O,

CO,, and CH, [73]. Thus, bioremediation mediated by bacteria biofilm-EPS is a cost
effective, sustainable, and eco-friendly approach to remediate polluted environments
[74]. The role of EPS in the degradation of pollutants in soil is illustrated in Figure 7
[75]. The role of EPS components in biofilm and possible significance in environment
restoration is illustrated in Table 2 [61].

3.6 Stress tolerance and resilience

Biofilms are very resistant to environmental stresses, such as high pollutant
concentrations, pH changes, and severe temperatures. While metabolic cooperation
among microbial cells improves survival and pollutant breakdown, the EPS matrix
serves as a physical barrier [76].

4. Applications of bacterial biofilms in bioremediation
4.1 Hydrocarbon degradation

One of the biggest environmental problems is hydrocarbon contamination
from industrial discharges and oil spills. Bacterial biofilms are essential for the
breakdown of hydrocarbons because they Increase EPS’s hydrophobicity, which
promotes hydrocarbon absorption and enzymatic actions that work in tandem for
total breakdown. Alcanivorax borkumensis-dominated biofilms, for example, were
essential in breaking down crude oil leftovers following the deepwater horizon oil

leak [77].
4.2 Heavy metal remediation

Heavy metals are rendered immobile by biofilms, which lowers their toxicity
and bioavailability. Among the mechanisms are: biosorption and bioprecipitation in
which metal ions are bound by functional groups in EPS and metals can change into
insoluble forms respectively. Shewanella oneidensis, for instance, helps with heavy
metal cleanup by converting soluble uranium to insoluble uranium oxide [78].

4.3 Wastewater treatment

In wastewater treatment facilities, biofilms are widely employed for resource
recovery, organic pollutant degradation, and nutrient removal. Biofilms are necessary
for high-efficiency treatment in membrane bioreactors and trickling filters [79, 80].
5. Challenges and future directions

5.1 Challenges

1. Biofilm resistance: The EPS matrix can hinder pollutant diffusion, reducing deg-
radation efficiency.
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2. Environmental variability: Changes in pH, temperature, and pollutant concentra-
tions affect biofilm stability.

3.Scaling up: Translating lab-scale findings to field applications is complex and
requires optimization.

5.2 Future prospects

Advancements in genetic engineering, synthetic biology, and nanotechnology
hold promise for enhancing biofilm-mediated bioremediation. Strategies include:

1. Engineering biofilm-forming bacteria for specific pollutant degradation.
2.Developing synthetic biofilms with tailored properties.

3. Incorporating nanomaterials to improve catalytic activity and resilience.

6. Conclusion

Bacterial biofilms are invaluable in bioremediation, offering sustainable solu-
tions for hydrocarbon and heavy metal contamination. Their resilience, adaptability,
and metabolic diversity make them effective in addressing complex pollution chal-
lenges. Continued research and innovation will further enhance biofilm-mediated
approaches, ensuring their widespread application in environmental management.
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