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Abstract: Biofilm-related infections are becoming a major clinical problem due to the increasingly
widespread ability of pathogens to develop persistent biofilms in medical devices. The inadequate
response of conventional antimicrobial strategies to counteract biofilm development demands urgent
alternatives. An increasing interest in promoting a natural approach to health has intensified the
research in the field of probiotics to battle pathogenic biofilms. This study aims to summarize the
recent evidence supporting the effects of probiotic cells on the control and prevention of medical
device-associated biofilms using a PRISMA-oriented (Preferred Reporting Items for Systematic
reviews and Meta-Analyses) systematic search. This review demonstrated that probiotic cells have
the potential to be used as biocontrol agents against biofilm formation by a broad spectrum of
microorganisms. The restriction of biofilm growth caused by probiotics seemed to be strain-specific
and independent of the antibiofilm strategy used (displacement, exclusion or competition).
Lactobacillus, Lactococcus and Streptococcus were the most studied genus of probiotics and those
with the higher capability to hinder biofilm formation, causing reductions up to 99.9%. These
findings will pave the way to further experiments on the topic so that probiotic cells may become
part of the clinical arsenal for the prevention and treatment of medical device-associated infections.
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L.: Lactobacillus; Lact.: Lactococcus; Leuc.: Leuconostoc; P.. Pseudomonas; S.. Staphylococcus;
Strep.; Streptococcus; V.; Veillonella

1. Introduction

Implantable and prosthetic medical devices, such as intravascular catheters, mechanical heart
valves, intrauterine devices and orthopedic inserts, are extensively used in the support and
maintenance of healthcare quality in response to the growing prevalence of diseases and the aging
population [1-5]. Despite the efforts to maintain sterility, the initial contamination of medical devices
occurs by infectious agents from exogenous or endogenous sources, for instance, from the
surgical staff or the skin of the patient, respectively [2,6-9], and disturbs the local host defense
mechanisms [10,11]. The access of bacteria to the interior of the human body contributes to its
vulnerability to microbial colonization [4,9,12]. Medical device-associated infections account
for 50-70% of all healthcare-associated infections (HAIs) [3,8,13], which have a huge impact on
healthcare systems by increasing the length of hospital stay, medical costs, and mortality and
morbidity rates [4,14,15]. HAIs are estimated to affect approximately 4.1 million patients every year in
Europe [16,17], leading to 16 million of extra stay days and approximately €7 billion of direct costs [10].
The degree of infection after the initial contamination of medical devices is affected by several factors
such as the local hydrodynamic conditions, physicochemical properties of the surface, host
environment (tissues and immune cells), number and species of microorganisms initially present on
the device, and indwelling time [7,8]. Biofilm formation on the surface of medical devices represents
one of the most threatening complications in the clinical field as it is at the root of many chronic and
recurrent infections [2,3,7].

Biofilms are defined as complex communities of microorganisms embedded in a well-organized,
structured and self-produced matrix of extracellular polymeric substances (EPS) that can attach to
either abiotic and biotic surfaces [18-21]. This matrix is composed of exopolysaccharides, nucleic
acids (extracellular DNA and RNA), proteins and lipids [2,22,23], and facilitates the intercellular
communication of bacterial cells through signaling molecules (e.g. autoinducers), a phenomenon
known as quorum-sensing (QS) [24,25]. The biofilm matrix acts as a barrier to protect the sessile
microorganisms from hostile environmental conditions (pH, mechanical stress, chemical agents or
phagocytosis) [4,10,26]. Biofilms may include Gram-positive (such as Staphylococcus aureus and
Enterococcus faecalis) and Gram-negative bacteria (such as Escherichia coli and Pseudomonas
aeruginosa) and yeasts (essentially Candida spp.), and rapid transit from single-species to
multi-species populations [4,7,8]. The microorganisms within biofilms have an altered phenotype
which makes the microbial population more resilient than their planktonic counterparts [27,28]. Since
biofilms develop significantly increased resistance against antimicrobial therapy, biofilm-related
infections became more difficult to eradicate [6,29].

The increasing resistance and inefficacy of antibiotics and other conventional strategies have
motivated the search for new alternatives to hamper bacterial adhesion on device surfaces [30,31].
Therefore, a variety of novel emergent strategies have been designed to address this problem, which
includes drug-eluting coatings, bactericidal coatings, nanostructured coatings, surface modifications,
enzyme-mediated approaches, QS quenchers, phage therapy, and immunotherapy [1,9,29-32].
However, despite the improvement on the antibiofilm and antimicrobial properties of medical
surfaces, there are some reservations about their clinical use: antimicrobial coatings can lose their
long-term efficacy and induce microbial resistance; antimicrobial peptides may be toxic at high
doses; some anti-adhesive surfaces may have low biocompatibility [30,32]. Thus, although several
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innovative approaches have been studied, most of them are still premature for clinical application and
require a more in-depth validation.

A novel strategy proposed to address these shortcomings involves the use of probiotics as
antimicrobial agents since they have demonstrated health-promoting properties and are considered
safe for humans and the environment, possessing the status of Generally Regarded as Safe
(GRAS) [33-35]. Probiotics are defined as (live microorganisms which when administered in
adequate amounts confer health benefits on the host) [36] and have been considered as a reliable option
to eradicate or delay the incidence of biofilm infections on medical devices [37,38]. An effective
probiotic must own the following characteristics: (1) adhere to cells; (2) reduce pathogen adhesion; (3)
persist, multiply and produce antimicrobial compounds; (4) be safe, noninvasive, non-carcinogenic,
and non-pathogenic; (5) aggregate and form a normal balanced flora [39]. Unlike biofilms that lodge in
locations of the human body such as the respiratory tract and oral cavity and cause infections, the
biofilm-forming flora of the gastrointestinal tract containing probiotic strains is beneficial and can help
in the treatment of bowel diseases [40,41]. High-throughput approaches including transcriptomics,
metabolomics, proteomics and metagenomics have demonstrated that probiotics present very low risks
for the host [38]. The ability to aggregate and form biofilms enables probiotics to resist environmental
conditions, leading to the successful colonization and their longer stability on surfaces such as the
intestinal mucosa, helping to exclude pathogenic bacteria by competitive inhibition or steric
impediment, and having the possibility of triggering the immune response of host cells [42,43].
Lactobacillus and Bifidobacterium are the most important genera used as probiotics [44—46]. These
bacterial groups possess the ability to withstand unfavorable conditions in the human body, regulate
the action of microbes and exert other biological functions [34,47].

In this work, the currently available published data regarding the potential of probiotic cells for
targeting pathogenic biofilms in medical devices by different approaches were systematically
reviewed and critically discussed.

2. Materials and methods
2.1. Search strategy

The search strategy adopted to systematically review the recent advances on the use of probiotic
cells to hinder biofilm formation in medical devices followed the same patterns described by Carvalho
et al. [37]. Briefly, a PRISMA-oriented systematic search [48] was conducted for articles published
between 1 January 1980 and 13 January 2021 in PubMed, ScienceDirect, Cochrane Library and
Compendex databases. The search combined the central keywords “Probiotic”, “Biofilm”, “Surface”
and “Medical devices” with a wide range of terms and combinations adapted for each database.
Additionally, the reference lists of all included articles and screened reviews were hand-searched for
additional studies that were not identified through the electronic databases. Only articles in the English
language were included.

The first screening to identify potentially relevant studies was based on the title and abstract of the
selected articles. Afterward, full-text versions of the screened papers were obtained when available
and assessed for inclusion according to the pre-established eligibility criteria. All studies were
reviewed by one reviewer and any technical uncertainties were resolved by discussion with a second
reviewer.
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2.2. Study eligibility

Peer-reviewed full-text articles meeting the following inclusion criteria were considered: (1)
studies where probiotic cells are used as main agents to counteract pathogens biofilm formation; (2)
the inhibition strategies include displacement, exclusion and competition. The exclusion criteria were:
(1) studies focused on the antimicrobial effect of probiotic cells without performing biofilm assays
and quantifying the effects on biofilm culturability, viability, biomass, thickness or other property; (2)
studies where biotic surfaces, such as epithelial tissues, are used as contact surfaces for biofilm
formation; (3) studies where substances isolated from probiotics metabolism are used; (4)
non-original articles (including reviews or reports); and (5) unavailability of the full-text version.

2.3. Data extraction

For each included study, the following information was extracted and inserted in an electronic
spreadsheet: antibiofilm strategy, probiotic strains, biofilm-forming pathogens, surface materials,
methodologies (including culture conditions, biofilm platform, and biofilm analysis techniques), and
obtained outcomes. Bibliographic details of the studies, such as first author and year of publication
were also retrieved. Furthermore, the percentage of reduction of biofilm formation was collected
whenever possible. If this result was not described and data was only available in graphical
representations or tables, the values were estimated and compared with the control. Because of the
high number of results presented in some studies, only the highest reduction value of each probiotic
against each pathogen was retrieved (among all strains of the same species and the different methods
used for biofilm analysis). When more than one article studied the action of the same probiotic against
the same pathogen group, the range with the lower and upper limits was presented.

3. Results
3.1. Study selection

The search methodology retrieved a total of 197 articles through database searching and 27
articles by reference list searching (Figure 1). After the removal of duplicates, 196 articles advanced to
screening. The assessment of titles and abstracts resulted in the exclusion of 130 articles for not
accomplishing the inclusion requirements and 66 articles were selected for full-text examination. From
these, 28 studies were excluded according to the exclusion criteria: non-original articles (n = 5), focus
on the antimicrobial effect of probiotics, not performing biofilm assays (n = 2), use of epithelial tissues
as substrata (n = 3), use of substances isolated from probiotics metabolism (n = 18). Therefore, 38
studies were included in this review.
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Figure 1. Preferred Reporting Items for Systematic reviews and Meta-Analyses
(PRISMA) flow-chart.

3.2. Study characterization

All included articles were in vitro studies performed with probiotic cells. Their effectiveness on
surfaces that are identical to those of medical devices, as well as on biofilms of several bacterial and
fungal species frequently found in medical devices, was evaluated through at least one of the following
strategies—displacement, exclusion and competition (Figure 2)—to simulate the conditions occurred
in bacterial communities. The implementation of each strategy depends on the different probiotic
mechanisms of interfering with the activity of pathogens. The most common and transversal to all
antibiofilm strategies is the modification of the microbial flora through the synthesis and secretion of
antimicrobial substances. Probiotics can modify the surrounding environment to make it unfavorable
for competitors (for example, by decreasing the pH), hindering their activity and adhesion to surfaces
through the release of a variety of growth-inhibiting compounds, such as organic acids (lactic,
lipoteichoic, acetic, propionic and succinic acids), diacetyl, enzymes (lipase and amylase), hydrogen
sulfide and peroxide, ethanol, carbon dioxide, EPS, deconjugated bile acids, biosurfactants and
bacteriocins [33,34,47,49-57]. The production of these compounds contributes to a decrease in
pathogen cell adherence (exclusion and competition strategies) and leads to their death and dispersion
from the biofilms (displacement strategy). Each group of substances has several proposed mechanisms
for pathogens’ inhibition. For example, organic acids, in particular lactic and acetic acids, are capable
of lowering the intracellular pH and disrupt the membranes of pathogens, leading to their death [45,51].
Bacteriocins may permeabilize the bacterial cell membrane, leading to pore formation and cell
disruption [37,51]. The combined effect of these substances contributes to the broad spectrum of
activity of probiotics.
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Figure 2. Antibiofilm strategies involving probiotic cells: displacement—exposure of
probiotic planktonic cells to pathogenic biofilms; exclusion—pre-coating a surface with
probiotic biofilm to inhibit the adhesion of pathogenic planktonic cells;
competition—co-culture of probiotic and pathogenic planktonic cells.

The displacement strategy implies the contact between probiotic planktonic cells and pathogenic
biofilms and focuses on the disruption of the architecture of mature pathogenic biofilms. It may be
achieved through the release of antimicrobial substances, like matrix-degrading enzymes, which
penetrate the extracellular matrix, interfering with biofilm integrity [30]. Other studies have indicated
that probiotics may affect pathogen biofilm formation by secreting molecules that interfere with the
expression of genes involved in QS signaling, virulence factors, and biofilm formation [38,41,45]. The
suppression of the production of QS molecules might interrupt the QS system and trigger pathogenic
biofilm dispersion.

The exclusion strategy consists of pre-coating a surface with probiotic cells to inhibit the
adhesion of pathogenic planktonic cells. The main goal of this strategy is to prevent the initial adhesion
of pathogens, thus avoiding biofilm development. The ability of probiotics to auto- and co-aggregate
allows the formation of non-pathogenic biofilms that can prevent the colonization and biofilm growth
of harmful bacteria, working as a protective barrier that reduces the availability of adhesion sites,
fencing off the invasion of pathogens [33,40].

Finally, the competition strategy comprises the co-culture of probiotic planktonic cells with
pathogenic planktonic cells. The mechanisms of probiotic action associated with this strategy include
the competition for binding sites on the surface of medical devices with invading pathogens through
the use of adhesins or specific receptors [40,47,51]. This competitive adhesion where probiotics fight
for attachment prevents the colonization of harmful bacteria [47]. Probiotics may also limit the growth
of pathogens by competition for limited resources [40,51]. For example, the depletion of essential
nutrients such as iron might be a critical advantage over other microorganisms [40].
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Table 1 summarizes the characteristics of all included studies, which were grouped according to
the probiotic species. Additionally, for each probiotic species, the studies were divided into the three
antibiofilm strategies previously indicated (displacement, exclusion or competition). Moreover,
pathogens were grouped in Gram-positive, Gram-negative, yeasts and multispecies biofilms. Since
one article can include more than one antibiofilm strategy, a total of 17 experiments were obtained for
displacement, 10 for exclusion, and 24 for competition. Regarding the probiotics tested, Lactobacillus
was the most used genus (30/38 studies), followed by Lactococcus and Streptococcus (6/38 studies
each), E. coli Nissle 1917 (3/38 studies), and Bifidobacterium, Enterococcus and Leuconostoc (1/38
studies each). Lactobacillus acidophilus, Lactobacillus casei, Lactobacillus fermentum,
Lactobacillus paracasei, Lactobacillus rhamnosus and Lactococcus lactis were the most commonly
used species. The most used methodologies for biofilm quantification were colony-forming units
(CFU) counts and crystal violet (CV) staining, which were employed in 26 and 10 studies, respectively.
A wide variety of surface materials were tested, including polystyrene, silicone-based surfaces,
hydroxyapatite, denture base resin, bovine enamel, titanium, stainless steel, glass, polyurethane and
polypropylene. Furthermore, this review addresses several indwelling medical devices for the
application of probiotics, such as urinary tract devices (catheters and stents) [58—65], voice
prostheses [66—69], and dental prostheses [35,70-88].
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Table 1. Activity of probiotic cells against bacterial and yeast biofilms formed on biomedical surfaces.

Probiotic strains Strategy Biofilm-forming  Percentages of Ref. Outcomes

pathogens reduction

B. infantis Displacement ~ Multispecies 26% [68] Exposure of multispecies biofilms composed by Candida ssp. and
streptococcal and staphylococcal strains to B. infantis on silicone rubber
did not significantly reduce the number of yeasts in the biofilm.

E. coli Nissle Competition Gram-negative 78%—-93% [89,90] EcN was able to decrease the adhesion of S. aureus and S. epidermidis by

1917 (EcN) Gram-positive 99.9% [89] 99.9%, and of E. coli and P. aeruginosa by 93% and 78%, respectively, on
polypropylene after 24 h.

Exclusion Gram-positive 99.9% [58] Pre-coating of silicone with EcN biofilms reduced the adhesion of Ent.
faecalis up to approximately 2 log CFU/cm” for 11 days.

Ent. faecium Displacement ~ Multispecies 16% [68] Exposure of multispecies biofilms composed by Candida ssp. and
streptococcal and staphylococcal strains to Ent. faecium on silicone
rubber did not significantly reduce the number of yeasts in the biofilm.

L. acidophilus Competition Gram-positive 11%-99% [62,75,87] L. acidophilus reduced the adhesion of S. aureus to silicone up to 99%

Yeast 47%-98% [69,91] after 1 h and of Strep. mutans in 33% and 61% after 24 and 48 h,
Multispecies 63% [75] respectively. C. albicans adhesion to polystyrene and silicone was

reduced by about 47% and 98%, respectively, while C. tropicalis
adhesion to silicone was reduced by 72% after 8 days. The adhesion of a
streptococcal multispecies biofilm to polystyrene was reduced by 63%
after 48 h.
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Probiotic strains Strategy Biofilm-forming  Percentages of Ref. Outcomes
pathogens reduction
L. acidophilus Displacement ~ Gram-negative 90% [76] L. acidophilus was able to displace pre-formed biofilms of Ag. actinomycetemcomitans
Gram-positive 79%—98% [62] from polystyrene in 90% after 24 h and of S. aureus from silicone up to 98% after 1 h.
Yeast 57.5%—59% [77,92] C. albicans biofilms formed on polystyrene were removed in 57.5% and 59% after 24
and 48 h of contact.
Exclusion Gram-negative 99.9% [64] Pre-coating silicone with L. acidophilus biofilms inhibited K. pneumoniae and S. aureus
Gram-positive 9%-99.9% [62,64,87] biofilm formation up to 99.9% after 7 days. The total biofilm mass of Strep. mutans and
non-mutans streptococci was reduced by 43% and 9%, respectively, after 24 h.
L. casei Competition Gram-positive 64%—-99% [62,72,75,80] L. casei inhibited the onset of biofilms of S. aureus on silicone up to 99% after 1 h and of
Yeast 95% [69] Strep. mutans on hydroxyapatite (75%) and polystyrene (64%) after 24 and 48 h,
Multispecies 52%-99.9% [61,75,80] respectively. C. albicans adherence to silicone was reduced by 95% after 8 days. The
adhesion of multispecies biofilms to hydroxyapatite, polystyrene and silicone was
reduced by 52, 72 and 99.9%, respectively.
Displacement ~ Gram-negative 90% [76] L. casei displaced up to 98% of S. aureus biofilms formed on silicone after 1 h, and 54%
Gram-positive 31%—-98% [62,63] of Ent. faecalis on glass and 31% on FEP after 3 h. Pre-formed biofilms of
Yeast 56.3%-99.9%  [81,92] Ag. actinomycetemcomitans and C. albicans in polystyrene were disrupted in 90% and
Multispecies 61% [68] 56.3% after 24 h. C. albicans biofilm was reduced by 99.9% in a denture base resin for
12 h. A multispecies biofilm was removed from silicone in 61% after 12 days.
Exclusion Gram-positive 70%—-99% [62] The adhesion of S. aureus to silicone and of C. albicans to denture base resin was
Yeast 99.9% [81] reduced up to 99.9% after 1 and 12 h, respectively.
L. crispatus Competition  Yeast 72%-99% [69] L. crispatus decreased the number of biofilm culturable cells of C. albicans and

C. tropicalis on silicone rubber by 99% and 72%, respectively, after 8 days.
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Probiotic strains Strategy Biofilm-forming Percentages of Ref. Outcomes
pathogens reduction
L. delbrueckii Displacement ~ Gram-negative 92% [76] L. delbrueckii  significantly = degraded the pre-formed biofilm  of
Ag. actinomycetemcomitans on polystyrene after 24 h of contact.
L. fermentum Competition Gram-negative 12%-99% [59,93] L. fermentum inhibited P. aeruginosa (12%) and K. pneumoniae (99%) biofilm
Gram-positive 84%-99% [62,72] formation in polystyrene for 7 and 24 h, respectively. The adhesion of S. aureus and
Multispecies 77%-99.9% [61] mixed cultures to silicone was inhibited up to 99.9% for 1 h and 8 days, respectively.
Displacement ~ Gram-negative 93% [76] L. fermentum led to a reduction of pre-formed biofilms of
Gram-positive 79%—98% [62] Ag. actinomycetemcomitans of 93% and C. albicans of 68% after 24 and 48 h,
Yeast 68% [79] respectively. S. aureus and multispecies biofilms were removed from silicone up to
Multispecies 33% [68] 98% and by 33%, respectively, after 12 days of incubation.
Exclusion Gram-positive 70%—-99% [62] Silicone pre-coated with L. fermentum reduced S. aureus adhesion up to 99% during 1 h
of incubation.
Lact. lactis Competition Gram-negative 30%—56% [83] Lact. lactis caused a significant decrease in the adhesion of five oral species
Gram-positive 25%—74% [83] (A. naeslundii, F. nucleatum, Strep. oralis, Strep. sobrinus and V. dispar) to
Multispecies 29%—66% [35,83] hydroxyapatite (up to 74% after 40.5 h). Multispecies biofilm formation on polystyrene
and hydroxyapatite was inhibited up to 66%.
Displacement ~ Gram-negative 73% [76] Lact. lactis disrupted the pre-formed biofilms of Ag. actinomycetemcomitans in 73%
Multispecies 7%-96% [35,67,68] after 24 h of treatment. Additionally, multispecies biofilms were removed from
polystyrene (39%) and silicone (up to 96%) after 24 h and 12 days, respectively.
Lact. lactis Exclusion Gram-negative 56%-99.9% [65,83] Pre-coating hydroxyapatite with Lact. lactis reduced the adhesion of five oral species
Gram-positive 35%—-85% [83] (4. naeslundii, F. nucleatum, Strep. oralis, Strep. sobrinus and V. dispar) and
Multispecies 62%—77% [83] multispecies biofilm formation up to 85% and 77%, respectively, after 40.5 h. Also,

Lact. lactis inhibited the adhesion of E. coli to polystyrene after 24 and 48 h in about 3
and 2 log, respectively.
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Probiotic strains Strategy Biofilm-forming Percentages of Ref. Outcomes
pathogens reduction
Multispecies Competition Yeast 62%—72% [84] The combinations of probiotic species were able to significantly reduce the adherence
(combinations of L. of C. albicans to polyurethane discs.
plantarum, L. Displacement  Yeast 63%—80% [84] The combinations of probiotic species reduced C. albicans biofilm size by more than
helveticus and S. 63% after 1 h.
salivarius)
Strep. salivarius Competition Gram-positive 74%—87% [88] Strep. salivarius was able to interfere with the biofilm formation of
Strep. intermedius in a titanium surface during 8 and 20 h of exposure.
Strep. thermophilus ~ Competition Gram-negative 26% [83] Strep. thermophilus caused a decrease in the adhesion of four oral species
Gram-positive 8%—65% [83] (A. naeslundii, Strep. oralis, Strep. sobrinus and V. dispar) and multispecies biofilm
Multispecies 23%—-55% [83] formation on hydroxyapatite up to 65% and 55%, respectively.
Displacement ~ Multispecies 67% [68] Strep. thermophilus significantly reduced the prevalence of yeasts in multispecies
biofilms formed on silicone during 12 days.
Exclusion Gram-negative 30% [83] Pre-coating hydroxyapatite with Strep. thermophilus reduced the adhesion of four oral
Gram-positive 8%—50% [83] species (A. naeslundii, Strep. oralis, Strep. sobrinus and V. dispar) and multispecies
Yeast N.A. [66] biofilm formation up to 50%.
Multispecies 26%—49% [83]
Strep. Displacement ~ Gram-positive 74%—77% [63] Ent. faecalis was displaced by Strep. hyointestinalis from FEP and glass in 74% and
hyointestinalis 77%, respectively, after 3 h.
AIMS Materials Science Volume 8, Issue 4, 501-523.
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4. Discussion

Biofilm-related infections are a critical problem in the medical field due to the high
susceptibility of devices to microbial colonization [4]. Previous studies have proposed the use of
probiotics as an attractive approach to control biofilm formation and inhibit microbial adhesion to
several materials [95-97]. In this regard, this review intends to describe and discuss the current
findings on the anti-adhesive and antibiofilm activities of probiotic cells against medical
device-associated infections. This work succeeds a systematic review and meta-analysis about
different strategies using probiotics and their metabolites to curb biofilm formation in medical
devices [37]. Since this initial study revealed that probiotics cells can be used to hinder biofilm
growth by a broad spectrum of microorganisms, we are now addressing the use of probiotic cells as a
potentially effective weapon against biofilm establishment on biomedical devices, highlighting the
beneficial effects of each strain against different pathogens.

Results show that the effectiveness of probiotics cells is strain-specific and each strain can have
multiple effects on the pathogenic biofilms through different mechanisms, as aforementioned. So far,
few studies have investigated the antibiofilm activity of probiotics from the Bifidobacterium,
Enterococcus, E. coli, Leuconostoc and Streptococcus genus. Regarding the first two, van der Mei et
al. [68] demonstrated that both Bifidobacterium infantis and Enterococcus faecium did not
significantly reduce the number of Candida spp. cells in oropharyngeal multispecies biofilms
pre-formed on silicone rubber voice prostheses under flow conditions (Table 1). The lack of studies
on these probiotics does not allow us to draw more conclusions about their potential use in medical
devices.

E. coli strain Nissle 1917 (EcN) is a good biofilm former probiotic described to have beneficial
effects on the treatment of some digestive disorders due to its excellent ability to colonize the human
intestine and exclude pathogens [58,90]. Only 3 in vitro studies reported the use of this probiotic
strain in medical devices, through the competition [89,90] and exclusion strategies [58]. In respect of
competition strategy, EcN exhibited a slightly lower reduction of biofilm culturable cells for
Gram-negative (78%-93%; E. coli and P. aeruginosa) than for Gram-positive bacteria (99.9%; S.
aureus and Staphylococcus epidermidis) (Table 1) [89]. Fang et al. [89] indicated that the secretion of
the periplasmic protein DegP by EcN cells to the extracellular space is probably critical to inhibit
other biofilms. In the exclusion strategy, Chen et al. [58] used silicone surfaces modified with several
mannoside derivatives in order to strengthen the link of EcN biofilms to the surface, since EcN
expresses numerous adhesins, such as type 1 fimbriae, that greatly promote biofilm formation,
particularly on mannoside surfaces. The authors showed that pre-formed EcN biofilms largely
reduced colonization by Ent. faecalis, and strong binding between the EcN biofilms and the
biphenyl-mannoside modified silicone was observed (which could withstand shear stresses similar to
those generated by urine flow) [58].

The great majority of the studies have reported the effectiveness of Lactobacillus spp. in
antagonizing a broad spectrum of microbial biofilms on different abiotic surfaces (Table 1). Overall,
it was noted that the action of probiotic cells was independent of the strategy adopted (displacement,
exclusion or competition) and varied according to the strain. Indeed, when the same studies
compared the effect of Lactobacillus strains using different strategies, similar reductions were
observed [62,81,82,84,87,94]. Independently of the strategy used, the pathogens more affected by

AIMS Materials Science Volume 8, Issue 4, 501-523.



513

Lactobacillus spp. were Aggregatibacter actinomycetemcomitans, E. coli, Klebsiella pneumoniae
and S. aureus, with reductions higher than 60%. Within each strategy, the groups of pathogens in
which lactobacilli exerted higher inhibitory activity were multispecies biofilms for competition, and
Gram-negative bacteria and yeasts for displacement and exclusion. Regardless of the strategy used,
the probiotic strains that seem to be more promising against the different groups of pathogens were:
L. acidophilus, L. casei, and L. rhamnosus for Gram-negative bacteria; L. fermentum and
L. paracasei for Gram-positive bacteria; and L. casei and L. rhamnosus for yeasts. The mechanisms
by which Lactobacillus strains exert their harmful effects against pathogens are diverse. Song et al. [94]
demonstrated that microcapsules containing L. rhamnosus cells disrupted the architecture of E. coli
biofilms by decreasing the transcriptional activity of numerous virulence-related genes (luxS, IsrK,
and /srR) that are involved in E. coli QS regulation [94]. Also, Lee et al. [75] and Wu et al. [86]
demonstrated that L. rhamnosus and L. salivarius significantly decreased the expression of
glucosyltransferase-encoding genes (gtfB, gtfC, and gtfD) of Strep. mutans, that are responsible for
the biosynthesis of glucans which play key roles in biofilm formation. Moreover, Matsubara et al. [92]
and Rossoni et al. [79] attributed the disruption of C. albicans biofilms by L. acidophilus, L. casei,
L. fermentum, L. paracasei and L. rhamnosus to the downregulation of genes involved in biofilm
development, DNA replication, translation, glycolysis, and gluconeogenesis. Matsubara et al. [92]
also suggested that Lactobacillus strains negatively impacted yeast-to-hyphae differentiation and
biofilm formation by cell-cell interactions and production of autoinducers responsible for regulating
the production of antimicrobial peptides, such as bacteriocins. This was confirmed by a study
developed by Song et al. [81], which reported that the antifungal activity of L. casei and L.
rhamnosus is associated with the production of lactic acid that diffuses through the membrane and
reduces the cytoplasmic pH, thereby causing loss of viability, and with the production of antifungal
peptides that may disrupt the C. albicans membrane or inactivate cytoplasm molecules. The
hindrance of pathogenic biofilm formation through the production of antimicrobial agents by
lactobacilli was evidenced by several studies, where bacteriocins, biosurfactants, hydrogen peroxide,
and lactic acid were the most reported substances [59,71,86]. Ciandrini et al. [82] assessed the
interference of L. rhamnosus and L. paracasei on Strep. mutans and Strep. oralis biofilm
development by two different strategies and suggested that different mechanisms are involved in
each strategy. In displacement, the remarkable biofilm inhibition (99.9%) was probably due to the
co-aggregation of Lactobacillus spp. with the streptococci and the production of antimicrobial
compounds. However, in competition, it is likely that Lactobacillus spp. links to specific salivary
receptors necessary for streptococci. This last mechanism was also proposed by Tahmourespour
et al. [87], which suggested that the reduction in the adhesion of streptococci is due to bacterial
interactions and pre-colonization of adhesion sites by L. acidophilus. Kivang et al. [91] observed the
same exclusion activity of L. acidophilus and L. paracasei against Candida spp. biofilms. Finally,
Ifeoma et al. [64] immobilized L. acidophilus on urinary catheter samples using sodium alginate and
showed its potential to occupy the binding sites for pathogens and produce antibacterial substances.
Concerning the Lactococcus genus, Lact. lactis was the only probiotic tested. Within each
strategy, no significant differences were observed between the different groups of pathogenic
organisms (Table 1). However, pre-coating the surfaces with Lact. lactis was more effective at
inhibiting biofilm proliferation than the other two strategies when comparing the same set of
pathogens; for example, the reduction of Gram-negative bacteria and multispecies biofilms using the
exclusion strategy was higher than in competition and displacement strategies (Table 1). Comelli et
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al. [83] investigated the effect of Lact. lactis on the composition of multispecies biofilms and showed
that the pre-incubation of hydroxyapatite with this probiotic strain caused a slightly higher decrease
in biofilm cell counts than co-incubation. The highest reduction value was reached when a
recombinant Lact. lactis strain expressing FimH virulence factor on the cell surface was used against
a uropathogenic strain of E. coli (99.9% reduction after 24 and 48 h of exposure) [65]. FimH
promotes auto-aggregation and biofilm formation of Lact. lactis, preventing E. coli colonization [65].
Also, Radaic et al. [35] suggested that nisin, a bacteriocin produced by Lact. lactis, plays a critical
role in inhibiting the initial biofilm structure and cell viability during biofilm growth. Additionally,
van der Mei et al. [67,68] examined the influence of several probiotic bacteria on oropharyngeal
biofilms formed on silicone rubber voice prostheses, and in both experiments, Lact. lactis had a
higher effect on the number of adhering Candida spp. cells when compared with probiotics from
Enterococcus, Lactobacillus and Streptococcus genus. The biosurfactant production was one of the
mechanisms proposed to inhibit biofilm development [67]. In turn, Jaffar et al. [76] revealed that
Lact. lactis presented lower activity against biofilms formed by periodontal pathogen Ag.
actinomycetemcomitans when compared to other Lactobacillus strains. The authors suggest that
direct cell contact of aggregated probiotic cells was the physical factor that contributed to biofilm
degradation [76].

Regarding Leuconostoc strains, only 1 study [76] evaluated the antibiofilm activity of
Leuconostoc fructosum and Leuconostoc mesenteroides (Table 1). Both probiotic strains reduced by
90% the amount of biofilm of Ag. actinomycetemcomitans on polystyrene [76]. However, their future
application in the medical context needs more research.

Finally, regarding Streptococcus strains, only three species of this genus were studied:
Streptococcus salivarius, Streptococcus thermophilus and Streptococcus hyointestinalis. In general,
regardless of pathogenic organisms, the minimal reduction observed for the displacement strategy
was substantially higher (67%) than that found for the other two strategies (8%), suggesting that
probiotics from the Streptococcus genus may accomplish better results by displacing pre-established
biofilms than by preventing the initial attachment of pathogens. This was achieved with
Strep. thermophilus, which significantly reduced the prevalence of yeasts in a multispecies biofilm [68],
and Strep. hyointestinalis, which displaced Ent. faecalis from glass and fluoroethylenepropylene
(77% and 74%, respectively) under flow conditions that mimic the shear rate found in the inner
surface of a urinary catheter [63]. The authors speculate that the mechanisms of displacement may
involve the production of biosurfactants [63]. Also, Busscher et al. [66] attributed the reduction of
both C. albicans and C. tropicalis adhesion to biosurfactant release by Strep. thermophilus. The
highest reduction obtained with Strepfococcus was observed for Strep. salivarius against
Strep. intermedius (87%), where a considerable inhibition of Strep. intermedius luxS gene expression
was verified (probably as a result of bacteriocin production) when co-cultured with the probiotic in a
dynamic in vitro system simulating a dental implant [88]. The inhibitory activity of Streptococcus
strains was also assessed in combination with Lactobacillus strains [84]. Multispecies biofilms
composed of Strep. salivarius, Lactobacillus plantarum and Lactobacillus helveticus inhibited the
formation of C. albicans biofilms and removed pre-formed biofilms of the same yeast (up to 72%
and 80%, respectively) [84].

The characteristics of the studies varied considerably among the articles included in this review.
The dissimilarities on the percentages of reduction occasionally verified between studies using the
same probiotic and pathogenic species can be associated with many factors: (1) culture medium
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composition, which has a significant impact on the quantity and diversity of metabolites produced;
for example, the concentration of glucose may influence the extent of lactic and acetic acid produced
by lactobacilli, affecting their inhibitory activity [72,93]; (2) duration of exposure of pathogens to
probiotics (ranged from 1 h to 12 d); (3) duration of biofilm formation by probiotics and pathogens in
exclusion and displacement strategies, respectively (ranged from few hours to days, and experiments
were performed with biofilms in different growth stages); (4) substratum for biofilm formation, since
the initial adhesion of microorganisms is highly influenced by the physicochemical properties of the
surface material [37]; (5) concentration of probiotic and pathogenic cells used for biofilm inoculation;
(6) hydrodynamic conditions and associated shear forces, that may affect the biofilm amount and
structure [98,99]; and (7) methods for biofilm analysis (CFU counts, CV staining, image analysis,
real-time PCR, or other), which measure different variables [24,98]. Some researchers tried to
increase the predictive value of their studies by using similar conditions, like hydrodynamic,
nutritional and temporal conditions, to those found in vivo. For example, van der Mei et al. [69]
showed that L. acidophilus, L. casei and Lactobacillus crispatus decreased the biofilm culturable
cells of C. albicans and C. tropicalis on silicone rubber during 8 days of feast and famine cycles to
mimic the pattern of eating and drinking of a patient, demonstrating their potential against voice
prostheses biofilms. In fact, increase the predictive value of in vitro studies is essential to translate
their findings into clinical applications.

As aforementioned, exclusion is one of the mechanisms displayed by probiotics to prevent the
adhesion of pathogenic strains to surfaces. The most frequent approach employed for covering a
surface material with probiotics is through biofilm formation. However, one of the drawbacks of its
application in biomedical devices is the easy biofilm detachment over time [100]. Thus, some studies
have been making advances towards promoting the adherence and immobilization of probiotic cells
to the surface of medical devices, in particular to urinary catheters [100—102]. Several strategies were
designed based on the ability of probiotics and other non-pathogenic bacteria (like the E. coli 83972
strain) to interact with mannose residues present on the surface of epithelial cells of the
intestine [100-102]. Some species of probiotics and non-pathogenic bacteria express
mannose-specific adhesin proteins or type I fimbriae on the surface of the membrane, which have a
high-affinity binding to mannose-presenting surfaces [103,104]. Therefore, the competitive exclusion
properties of probiotics associated with their specific adhesion to mannoside derivatives led several
authors to address this problem by modifying the silicone catheter surfaces with mannoside ligands,
achieving multivalent sites for the adhesion of benign bacteria [58,100,101]. This method of silicone
functionalization proved to enhance the attachment and promote faster and stronger probiotic
biofilms, which maintained their stability and led to a reduction in the adherence of uropathogenic
bacteria when challenged over long periods [58,100-102].

Although probiotics are available in a wide variety of formulations, mainly for the treatment of
gastrointestinal diseases, there are a few concerns regarding the safety of using live probiotics in
clinical practice, particularly in pediatric populations and patients with underlying diseases [41]. For
the specific application in medical settings, the main problems could be the risk of biofilm
translocation from the application site to the bloodstream, thereby causing bacteremia or sepsis, and
the transmission/acquisition of antibiotic resistance genes [105,106]. Thus, the safety aspects of
probiotic strains (blood hemolytic activity and resistance to antibiotics) should be evaluated before
their translation to the clinical environment. In order to ward off these possibilities, the use of some
purified metabolites and the inactivation of probiotic living cells (by heat, chemicals, radiation or
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sonication) are gaining interest [106]. For example, Tan et al. [105] developed a probiotic-modified
implant to prevent methicillin-resistant S. aureus infections and accelerate bone integration by the
inactivation of L. casei on the surface of titanium substrates using ultraviolet irradiation. The
inactivated probiotic biofilm showed 99.98% antibacterial effectiveness and improved the
osseointegration of the implant [105]. Thus, inactivated probiotics can be a potentially safe strategy
in the future of medical devices. Although the use of probiotics has some limitations, its benefits
largely outweigh the risks (Table 2).

Table 2. Advantages and disadvantages of the use of probiotics to control microbial
infections [34,38,40,45,53,57,105,106].

Advantages Disadvantages

Generally Regarded as Safe (GRAS) status Risk of biofilm translocation from the application site to

Withstand unfavorable conditions of the human the bloodstream

body Risk of transmission/acquisition of antibiotic resistance
. o . . n

Survive, maintain the metabolic activity and grow genes

in the target site Risk of infection and/or morbidity in vulnerable groups

Antimicrobial activity Heterogeneous activity (i.e., the same strain may have

Maintain high viability at processing, different behavior under different conditions)
lyophilization, and storage Biofilm detachment overtime
High biomass amount and productivity of cultures

Positive effect on several diseases and illness
conditions

Increase the efficiency of the immunological
system

Lower cytotoxicity than conventional antimicrobial
agents

Wide range of mechanisms of action
Both broad and narrow spectrum of action

Genetically stable and good in vitro and in vivo
growth properties

Able to adhere to biotic and abiotic surfaces
Natural origin

Biodegradable

5. Conclusions

This systematic review showed that probiotic cells are a promising alternative to prevent and
control the onset of biofilms of a wide range of pathogenic microorganisms. The relation between the
performance of probiotics and the antibiofilm strategy used revealed to be strain-specific since some
probiotic strains appear to be better at preventing the initial attachment of pathogens, while others are
better at displacing pre-formed biofilms. Considering the percentages of reduction and the number of
studies using each probiotic, E. coli Nissle 1917, L. acidophilus, L. casei, L. fermentum, L. paracasei,
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L. rhamnosus and Lact. lactis seem to be ahead for a possible clinical application since they were
responsible for higher biofilm reductions when compared to other probiotic strains addressed in this
work. Moreover, coating the surfaces with probiotics to avoid the initial attachment of pathogens
seems to be more reliable than removing already established biofilms, as a way to prevent possible
irreversible damages on patients. Although it has been shown that a certain degree of protection can
be obtained mainly for short time periods, we believe that the future of probiotic cells in fighting
device-related infections lies in finding solutions to increase the stability of probiotic biofilms on
surfaces and the safety of using live probiotic cells in clinical practice.
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