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ABSTRACT 

Acinetobacter baumannii is one of the most worrisome pathogenic 

organisms in the healthcare environment, it is responsible for several 

lethal hospital acquired infections worldwide. The success of this 

bacterium is due to its resistance mechanisms to antimicrobial agents, 

its persistence and survival in the harshest environments for a 

prolonged period. This has been mainly related to the ability of this 

pathogen to form biofilms on biotic and abiotic surfaces. Biofilm gives 

the bacterial cells a life form embedded in an extracellular polymeric 

matrix (exopolysaccharides, proteins and extracellular DNA). This 

matrix is the defense barrier of the biofilm and crossing this barrier is 

the crucial step to eradicate the biofilm and the infection as a 

consequence. In this review, we have mentioned some of the works 

carried out in the framework of the strategies targeting the main 

composition of Acinetobacter baumannii matrix (Poly-(1-6)-N-acetylglucosamine, Biofilm-

associated protein and eDNA) to activate the dispersion of the biofilm and to make the 

bacterial cells accessible to the antibacterial treatments. 

 

KEYWORDS: Acinetobacter baumannii, Biofilm, extracellular polymeric matrix, poly-(1-

6)-N-acetylglucosamine, biofilm-associated protein, extracellular DNA. 

 

INTRODUCTION 

Acinetobacter baumannii is a coccobacillus that has gained prominence as a common 

pathogen recovered from a variety of wound infections of United States military personnel 

deployed to areas such as Iraq.
[1]

 It has been classified as one of the five "ESKAPE" 
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pathogens (Enterococcus faecalis, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.) because of its 

ability to escape the antimicrobial treatment by resistance genes acquisition.
[2]

 Moreover, the 

European Center for Disease Prevention and Control, Infectious Diseases Society of 

America, World Health Organization, and the Centers for Disease Control and Prevention of 

America have declared multidrug resistant A. baumannii as a critical health threat. 

Carbapenem resistant Acinetobacter was upgraded from a "severe" to "urgent" threat level in 

2019.
[3,4]

 Recently, World Health Organization designated carbapenem resistant A. baumannii 

as a priority critical bacterium in its list of bacteria.
[5]

 

 

A. baumanii is frequently associated with wound infections, meningitis, and urinary tract 

infections, particularly in intensive care unit patients.
[6]

 In many cases, infections are acquired 

after exposure to A. baumannii (which persists on contaminated hospital equipment) or 

through contact with a colonized patient.
[7]

 Furthermore, mortality due to A. baumannii 

infection can vary from 7.8 to 43%.
[8,9]

 This bacterium, which is ubiquitous in the 

environment, is typically found in soil, water, human skin, food products and medical 

devices.
[10,11]

 The effectiveness of A. baumannii is linked to its response to antibiotics and 

disinfectants used in hospitals. Several  A. baumannii isolates exhibit high resistance to all 

widely used antibiotics, including ampicillin-sulbactam
[12]

, carbapenems
[13]

, 

aminoglycosides
[14]

, tetracyclines
[15]

, quinolones
[16]

, colistin
[17]

, polymyxin B
[18]

, and 

tigecycline.
[19] 

This microorganism is able to resist to desiccation and disinfection and 

survives for several days on nutrient-limited surfaces.
[20]

 A. baumannii can also survive on 

fingertips and on inanimate objects such as plastic, glass and other surfaces, even after being 

exposed to dry conditions, for prolonged periods.
[21–23]

 Moreover, it is assumed that its ability 

to persist in these environments, as well as its virulence, is a consequence of its biofilm 

formation capacity.
[24]

 In addition, the antibiotic resistance is highly related to biofilm 

formation.
[25]

 These properties make it responsible for hospital-acquired infections.
[23] 

 

Biofilm is the predominant mode of growth of bacteria in the environment in general and the 

hospital environment in particular. Biofilms are multicellular communities of bacteria 

attached to a tissue or surface, within which the bacterial cells are sheltered in an extracellular 

polymeric matrix (EPM) rich in self-produced biopolymers.
[26]

 These are mainly comprised 

of extracellular DNA (eDNA), exopolysaccharides (EPS) and proteins. This matrix 

composition help to adhere and colonize surfaces and form a structurally stable biofilm.
[27]
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Bacteria in biofilms are protected from stresses that would effectively target their planktonic 

counterparts such as antibiotics, desiccation, metal cations, ultraviolet light and host 

immunity. As a result, conventional antibiotic treatments fail to eradicate biofilm infections 

and standard cleaning procedures are ineffective.
[28]

 With the emergence of multi-drug 

resistant A. baumannii, there is a need to discover new drugs or targets to treat and prevent A. 

baumannii infection. Biofilm formation is one of the main mechanisms of survival under 

various conditions and the elimination of biofilms in a host or clinical setting is an ongoing 

challenge. Due to its crucial role in biofilm formation, maturation and persistence, the EPM 

can be an effective target. Despite its critical function in A. baumannii biofilms, there are a 

limited number of studies that are interested to A. baumannii EMP. This review is a 

collection of available informations concerning the EPM of this pathogen and the works 

already done in this field. 

 

BIOFILM AND FORMATION STEPS 

Human pathogenic microorganisms have different mechanisms of pathogenesis, virulence 

and antimicrobial resistance. However, a common feature of most of them is the ability to 

form biofilms. Bacterial biofilm consists of a densely packed bacterial population in which 

the cells unite to form a protective barrier against the external environment. This population 

is encapsulated in a self-secreting matrix of polysaccharides, proteins and DNA that adheres 

to any surface or tissue.
[27]

 Since the invention and description of the term biofilm in 

1978.
[29]

, it has been well documented that cells in biofilm mode differ from their planktonic 

state in terms of transcribed genes.
[30]

 In biofilms, the cells are physiologically, 

morphologically and metabolically distinct from their planktonic homologues. Bacteria 

within a biofilm reach a significantly higher cell density (10
11

CFU.mL
-1

) than planktonic 

bacteria (10
8 

CFU.mL
-1

).
[31]

 On the other hand, biofilms are developed on a wide range of 

interfaces, e.g., solid-liquid interface and air-liquid interface. They have been detected on 

glass, plastic surfaces and medical devices such as catheters and artificial heart valves.
[32]

 In 

the natural environment, this is one of the most common growth patterns, especially in the 

hospital setting. The main defensive barrier of a biofilm is its EPM, which provides a 

protective layer against environmental stressors, host immunity and antibiotic treatment.
[33] 

 

The passage from the planktonic to the biofilm state implicates a complicated and irreversible 

process (Fig. 1). It begins when bacteria sense environmental conditions that initiate the 

transition from planktonic free-swimming mode to a surface-orientated life.
[34] 
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(1). Adhesion: the first stage of biofilm formation, the adhesion of the bacteria to the surface, 

involves cell-surface interactions and a variety of bacterial surface structures.
[35]

 Furthermore, 

each surface structure may be specific to an attaching surface with particular properties, and 

the expression of these structures may change depending on the environment to which the 

organism is exposed.
[35]

 

(2). Aggregation: after binding to a surface, the bacteria begin to proliferate and form 

microcolonies. 

(3). Irreversible attachment: bacteria adapt to its new life by the synthesis of the matrix 

biopolymers. 

(4). Maturation: bacteria increased the synthesis and the development of the EPM to form a 

mature biofilm. 

(5). Dispersal: the final stage of the biofilm process involves the detachment of the biofilm 

and the colonization of another area. Possible signals that may trigger cell detachment include 

starvation, enzymes such as alginate lyase in Pseudomonas aeruginosa, or loss of EPM or 

part of it.
[35] 

 

 

Fig. 1: Bacterial biofilm life cycle. 

 

The antibiotic resistance, hospital survival and high pathological potential of A. baumannii 

can be explained by the fact that it is a prolific producer of biofilms.
[36,37]

 A. baumannii can 

form biofilms on both abiotic (polystyrene and glass) and biotic surfaces (e.g., epithelial cells 

and fungal filaments).
[20,38]

 In A. baumannii biofilms, virulence genes, including those 
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involved in antibiotic resistance, appear to be overexpressed.
[39,40]

 In addition, a positive 

correlation has been found between biofilm formation and multiple drug resistance in clinical 

A. baumannii isolates.
[41,42]

 In fact, the genes required for biofilm formation are widely 

distributed in clinical strains of A. baumannii but are partially or completely absent in 

environmental isolates.
[43]

 Indeed, a recent study has proved that 84% of multidrug-resistant 

A. baumannii tested isolates were able to form a biofilm
[44]

, which contributes to the 

widespread of this pathogen throughout the globe.
[41]

 It has also documented that antibiotic-

resistant strains were strong biofilm formers.
[41] 

However, in order to protect themselves from 

antibiotics, antibiotic-sensitive strains may have the abilities to form biofilm.
[45]

 

Consequently, infectivity and the development of chronic infections are linked to biofilm 

formation capacity.
[46]

 More importantly, biofilms may be responsible for the endemic 

occurrence and subsequent outbreaks of A. baumannii in hospitals.
[30,38,47] 

 

EXTRACELLULAR POLYMER MATRIX 

The composition of the biofilm matrix varies according to the growth conditions, the bacterial 

specie and the stage of biofilm development.
[48]

 EPM usually represents more than 90% of 

the dry mass of a cell and is mainly composed of biopolymers produced by the bacteria 

themselves known as extracellular polymeric substances.
[49]

 More than 99% of the 

microorganisms on planet live embedded in these biopolymer matrices.
[50]

 These biopolymers 

make up only 10% of the matrix and the rest is water.
[51]

 In general, the biofilm EPM 

contains EPS, proteins and eDNA. This is also the case for A. baumannii, its EPM consists of 

EPS, eDNA and extracellular proteins including amyloidogenic ones.
[52]

 This composition 

will be detailed in the following. One of the factors that has contributed to the success of this 

bacterium as one of the most troublesome nosocomial pathogens is its ability to produce a 

matrix of biopolymers that envelops the biofilm.
[53]

 Previous studies have revealed that the 

matrix composition (eDNA, EPS and proteins) play a key role in the formation and stability 

of  A. baumannii biofilm.
[54–57]

 It acts as a glue to keep the bacterial cells together
[58] 

and to 

facilitate the survival of the cells in their own niches.
[59]

 EPM molecules use a variety of 

interactions for cohesion, including electrostatic, ionic and van der Waals. These interactions, 

together with molecular composition, lead to many important characteristics, including 

porosity, electrical charge and three-dimensional structure (3D).
[51]

 The matrix not only 

fulfils a structural role, but also their components are assembled into supramolecular 

structures that help to protect the microbes against harsh environments.
[51]

  EPM has been 

found to sequester cations, metal ions and toxins and to offer protection against different 
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environmental stresses such as desiccation, UV radiation, pH change and osmotic shock.
[60] 

Moreover, the biofilm matrix is implicated in the overall architecture and resistance 

phenotype of biofilms.
[61,62]

 It directly protects the biofilm and limits the penetration of 

antibiotics and other harmful substances
[63]

, by acting as a protective barrier against attack by 

blocking, pushing back or capturing the molecules and preventing them from reaching the 

bacteria.
[51]

 In particular, it is important to know that two factors are required to inactivate 

microbial cells with antibiotics; the penetration of the antibiotics and the cells in growth 

phase (most antibiotics are active against the growth phase of bacteria).
[60]

 First, EPM acts as 

a diffusion barrier for these molecules, for example; penetration of ciprofloxacin under 

normal conditions took 40 seconds while penetration into biofilm containing surfaces took 21 

minutes.
[64]

 Secondly, the bacteria in the biofilm will remain in a dormant phase which will 

protect the bacterial community from antibiotics.
[60]

 Furthermore, the EPM contains a set of 

enzymes that can inactivate or degrade antimicrobials.
[65]

 Concerning A. baumannii, it has 

been shown that the thick and tenacious matrix of the biofilm makes this pathogen more 

resistant to antibiotics than its planktonic counterparts.
[66] 

 

In addition, EPM is involved in migration, gene exchange, signaling and ion capture.
[67]

 On 

the other hand, the matrix comprises the contents of the lysed bacterial cells, which serve as a 

source of nutrients under starvation conditions and act as a gene storage for horizontal gene 

transfer.
[51]

 Due to the enzymes that can be part of the matrix components, the matrix is 

considered as a digestive system that can break down biopolymers for recycling or use as a 

carbon and energy source.
[51]

 The matrix also contains water channels that provide an 

efficient means of exchanging nutrients and metabolites by improving the availability of 

nutrients and the removal of potentially toxic metabolites.
[60]

 Gene transfer rates in biofilm 

are reported to be 1000 times higher than those found in the planktonic state.
[68] 

 

Briefly, EPM serves to assemble the biofilm as follows
[65]

: (1) Biopolymers formed at the site 

of adhesion form an initial polymeric matrix that favorites microbial aggregation and 

colonization. (2) Continuation of biopolymers production in situ further enhances the three-

dimensional matrix and the core formation of bacterial cells embedded in the EMP. (3) This 

core offers a supportive scaffold, enabling the development of clusters and microcolonies. 

 

Exopolysaccharides 

The term exopolysaccharide (EPS) usually refers to all forms of polysaccharides existing 

outside the bacterial cell wall.
[69]

 EPS, as components of the EPM, play a role in primary 
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biofilm scaffolding, initial attachment and adhesion to surfaces and other cells, and protection 

of bacteria from host defenses and antimicrobials.
[70–72]

 EPS, especially high molecular 

weight EPS, can serve as a basis to which other carbohydrates, proteins and nucleic acids 

adhere to form the backbone of the biofilm.
[73,74]

 Additionally, EPS protect bacterial cells 

from extreme conditions, including temperature, light intensity, pH or osmotic stress.
[75]

 They 

also protect bacteria from desiccation, predation, antibodies and bacteriophages.
[76]

 Due to the 

hydrated nature of the exopolysaccharides, they can prevent lethal desiccation, protect against 

moisture variations, contribute to mechanical stability and ensure a longer survival of 

bacterial cells.
[30,74]

 

 

In A. baumannii biofilms, the protective matrix consists of extracellular biopolymers, of 

which the main component is exopolysaccharide (52-86%).
[77]

 Scanning electron microscopy 

and Transmission electron microscopy analysis of clinical strains of A. baumannii, attached 

to glass coverslips under dry conditions, showed that the biofilm formed by these strains is 

surrounded by an exopolysaccharide matrix.
[78]

 Selective digestion of extracellular proteins 

(with Proteinase K)  or eDNA (with DNase) from EPM did not change the ability of EPM to 

protect A. baumannii biofilms from tobramycin activity.
[53]

 This finding suggests that EPS are 

probably responsible for this protective action.
[53]

 Moreover, it has been shown that a 

multidrug resistant strain of this bacterium produces more EPS than sensitive strain.
[79] 

 

Poly-(1-6)-N-acetylglucosamine (PNAG) is the well documented exopolysaccharide in A. 

baumannii pathogen.
[53]

 PNAG is also produced by several pathogens such as Escherichia 

coli
[80]

, Staphylococcus aureus
[81]

, Staphylococcus epidermidis
[82]

, and it is implicated in their 

pathogenicity. The synthesis of this polysaccharide was well conserved among clinical 

isolates and it plays a crucial function in A. baumannii biofilm formation.
[57]

 In other hand, 

Choi et al (2009) founded that A. baumannii contained a pgaABCD locus that encodes PNAG 

synthesis proteins.
[57]

 PNAG synthesis is initialized by two inner membrane proteins, PgaC 

and PgaD, which employ a Uridine Diphosphate N-acetylglucosamine to form an N-

acetylated precursor.
[83]

 Subsequently, the PgaA and PgaB proteins interact for the export of 

polymerized and partially deacetylated PNAG across the cell envelope.
[84]

 Choi et al. (2009) 

also showed that deletion of this locus resulted in the loss of the strong biofilm phenotype, 

which was restored by complementation of this locus.
[57]

 Furthermore, scanning electronic 

microscopy studies combined with COMSTAT analysis demonstrated that the biovolume, the 

thickness of biofilms formed by wild-type A. baumannii strains were significantly greater 
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than those formed by the pgaABCD mutant strains.
[57]

 In addition to its role in biofilm 

formation, PNAG protects bacteria from host immunity
[85]

 and is an important virulence 

factor.
[86]

 The maintenance of the integrity of A. baumannii biofilms in more dynamic 

environments with higher shear forces is also guaranteed by PNAG.
[57] 

 

Extracellular proteins 

Recently, it has been shown that proteins also play an important role in the EPM. In some 

cases, they can be the dominant components of the EPM.
[87]

 Biofilm-associated protein (Bap) 

is a surface protein but it is also a part of the extracellular matrix of A. baumannii biofilm and 

plays an important role in the latter.
[88]

 Bap was first discovered in S. aureus strains.
[89]

 

Thereafter, a larger number of Bap homologs were identified in several other bacteria, 

including A. baumannii.
[90]

 Over a 10-year period at the Royal Brisbane and Women's 

Hospital, bap was detected in 22 of 24 (92%) clinical A. baumannii isolates tested.
[91]

 

Similarly, Loehfelm et al. (2008) also revealed that Bap seems to be commonly found in 

clinical isolates of A. baumannii.
[90] 

 

Besides, Bap belongs to a group of surface proteins that have structural and functional 

characteristics essential for biofilm formation, namely: high molecular weight, core domain 

of tandem repeats and low isoelectric pH.
[92]

 Moreover, Bap is encoded by a 25,863 bp gene 

and is composed of 8620 amino acids, making it one of the largest bacterial proteins ever 

described.
[90]

 This protein contributes to bacterial stability under different environmental 

conditions
[93]

, and to intercellular adhesion within the mature biofilm and plays an important 

role in bacterial infection processes.
[94]

 It is associated with the formation and maturation of 

the A. baumannii biofilm and its maintaining on biotic and abiotic surfaces.
[88]

 In the same 

context, another study revealed a correlation between the bap gene and biofilm formation by 

A. baumannii.
[41]

 Brossard and Campagnari (2012) demonstrated that Bap is needed to form a 

mature A. baumannii biofilm on medical devices surfaces, such as polypropylene, 

polystyrene and titanium.
[56]

 They also showed, by scanning electron microscopy, that this 

protein is crucial for the development of the three-dimensional structure and the formation of 

water channels within A. baumannii EPM.
[56]

 Furthermore, a mutated bap gene in A. 

baumannii 307-0294 caused a decrease in adhesion to human bronchial epithelial cells and 

neonatal keratinocytes and a decrease in biofilm growth.
[56,90]

 On the other hand, Bap is 

responsible for increasing the hydrophobicity of the cell surface thus promoting the formation 

of biofilm.
[56]

 It has also been suggested that the main interaction targets of this protein are 
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EPS, which are important for maintaining and strengthening the biofilm structure.
[96]

 

Therefore, it can be deduced that A. baumannii Bap plays a key role in the persistence of this 

pathogen in hospital environments, which explains its induction of nosocomial infections.
[97]

 

For further support, endemic isolates are more susceptible than sporadic ones to carry 

virulence factors such as Bap, which enhance their survival in health care settings.
[98] 

 

Recently, it has been suggested that Bap is able to form amyloid-like structures.
[99]

 These 

amyloids are proteins with a beta-cross structure and polymerize into insoluble fibers. They 

initially attracted attention because of their application in neurodegenerative diseases, until 

Larsen et al. (2007) showed that they are abundant in bacterial biofilms.
[100]

 Amyloid fibers 

are resistant to degradation by proteases and contribute to the structural integrity of 

biofilms.
[101,102]

 Another study demonstrated that overexpression of amyloid in EPM resulted 

in a 20-fold rise in the rigidity of the Pseudomonas fluorescens biofilm.
[103]

 Bap auto-

assembles into functional amyloid fibers, in responding to environmental conditions, to build 

the biofilm matrix, acting as a scaffold to increase biofilm stability.
[99] 

 

Extracellular DNA 

With the succession of EPM investigations, its composition and its structure is becoming 

increasingly complex and difficult to clarify. Extracellular DNA (eDNA) has been defined as 

a component of the EPM of several species.
[104–106]

 This is the case of A. baumannii in which 

eDNA appears as a key component of the EPM.
[107]

 The origin of this eDNA is not entirely 

clear; it seems to have been generated from random chromosomal DNA that serves as a cell-

to-cell interconnecting element in the biofilm.
[108]

 In addition, it is believed that autolysis of 

bacterial cells undergoing in biofilm microcolonies may contribute to eDNA generation.
[109]

 

On the other hand, direct secretion, lysis of a subpopulation by a prophage and liberation of 

small membrane vesicles are also regarded as potential sources.
[110]

 It has been suggested that 

eDNA is mainly situated in high concentrations in the stems of mushroom-shaped 

microcolonies.
[108] 

 

Like other matrix components, eDNA also serves multiple functions in biofilm formation, 

such as its contribution to cation gradients, the release of genomic DNA, antibiotic 

resistance
[111]

, and it acts as a source of nutrients for bacteria during starvation.
[112]

 

Additionally, the interactions inside EPM with antibiotics have been shown to be through the 

intervention of eDNA.
[111]

 Liao et al. (2014) founded that the addition of exogenous eDNA 

increased glucan (EPS) synthesis by Streptoccocus mutans.
[113]

 Moreover, it aided in 
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strengthen the EPM by interacting with the EPS
[114]

, and both together are associated with the 

viscoelasticity of the mature biofilm to make it difficult to detach even under high mechanical 

pressure or shear stress.
[115]

 The eDNA acted as a nucleator of amyloids polymerization.
[116] 

 

For  A. baumannii, eDNA may also be a means of transferring antibiotic resistance genes.
[117]

 

The eDNA constitutes a dynamic gene pool from which bacteria can acquire genetic 

information by horizontal gene transfer, as transformation requires the availability of DNA in 

the environment.
[118,119]

 Consequently, it contributes to the development and spread of 

antibiotic resistance by horizontal gene transfer.
[120] 

 

Interestingly, eDNA is a carbon source that can influence biofilm dispersion
[121]

, and a cation 

chelator that can generate a cation deficient environment promoting antimicrobial 

resistance.
[122]

 Using PicoGreen as a dye for a short time, Tang et al. (2013) demonstrated a 

transient or gradual build-up of eDNA in EPM, suggesting its important dynamic role in the 

latter.
[123]

 Surprisingly, the amount of eDNA that accumulates in biofilms does not 

necessarily reflect its importance because, even at a concentration below the detection limit, 

it exerted its adhesive effect strongly affecting biofilm initiation.
[123]

 Adhesion to 

hydrophobic surfaces and cell aggregation have been promoted by the presence of eDNA 

using physicochemical interactions.
[116,124,125]

 In the other hand, eDNA decreased the biofilm 

susceptibility to a variety of antiseptic and disinfectant agents.
[126,127] 

 

ANTI- EXTRACELLULAR POLYMERIC MATRIX STRATEGIES 

Clinically, biofilms are a major problem because of their responsibility for many persistent 

and chronic infections. This is due to the resistance to antimicrobial agents and the 

phenotypic variation provided by this phenomenon. Once the biofilm becomes mature, its 

eradication becomes extremely difficult with traditional antimicrobial agents.
[128]

 As a result, 

it is necessary to shift the bacteria from a matrix embedded mode of life to a free, individual 

and vulnerable mode to eradicate it. After highlighting the roles played by EPM, it will be a 

beneficial target to design strategies for controlling biofilm formation. In this section we have 

attempted to summarize same assays performed to counteract A. baumannii biofilm formation 

by targeting different biopolymers of the EPM (Table 1). 
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Table 1: Anti-Acinetobacter baumannii extracellular polymeric matrix strategies. 

Anti-EPM strategy Target Action mechanism Reference 

5-episinuleptolide (Sinularia leptoclados) PNAG 
Decreasing expression of 

pgaABCD locus 
[129] 

Actinidia deliciosa extract EPM Reducing the contents of EPM 
[52] 

Dispersin B PNAG 

Cleaving the -(1-6) linkage of 

glucosamine and 

depolymerizing PNAG 

[57] 

Maltodextrin, Sucrose and Polyethylene 

glycol 
EPS Dehydration of EPS 

[37] 

L-Adrenaline Bap 
Binding to monomers and 

oligomers of Bap 
[88] 

Phytol and cefotaxime 
Bap 

PNAG 

Decreasing the genes expression 

of bap, pgaA and pgaC 
[130] 

Zerumbone (Zingiber zerumbet (L.) Smith) Bap Reducing bap gene expression 
[131] 

Antibodies Bap Affinity-purified Bap antibodies 
[132] 

Melittin Bap 
Decreasing bap messenger RNA 

level 
[133] 

DNase EDNA Cleaving stranded DNA 
[55] 

Glutathione 
EDNA 

EPS 
Increasing acidity 

[134] 

 

Targeting Exopolysaccharides 

Development of novel solutions that inhibit A. baumannii biofilm formation led to the 

research towards PNAG by being one of its EPM pillars. In this context, Tseng et al. (2016) 

identified 5-episinuleptolide, isolated from Sinularia leptoclados, as an inhibitor of A. 

baumannii biofilm formation by decreasing gene expression at the pgaABCD locus encoding 

PNAG.
[129]

 Furthermore, the extracellular matrix of the biofilm was significantly reduced by 

5-episinuleptolide treatment
[129]

 On the other hand, this study showed a potentially synergistic 

activity of the combination therapy between 5-episinuleptolide and Levofloxacin.
[129]

 

Actinidia deliciosa extract revealed its anti-biofilm effect by acting against EPM of A. 

baumannii.
[52]

 It was shown to reduce the contents of EPM in EPS, proteins and eDNA.
[52] 

 

The dispersion enzymatic mechanism has attracted research attention because of its efficacity 

against biofilm. This mechanism is used by several bacterial species to activate the dispersion 

of its own biofilm to colonize another location. The bacteria secrete enzymes such as 

glycosidases, proteases and DNases that degrade various components of the EPM.
[135]

 Taking 

as examples alginate lyase, which is produced by Pseudomonas aeruginosa, DNase 

thermonuclease, which is produced by Staphylococcus aureus, glycoside hydrolase Dispersin 

B, produced by Aggregatibacter actinomycetemcomitans.
[135] 

Several of these EPM-

degrading enzymes have been studied as potential therapeutic agents. Dispersin B has been 
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shown to be a hexosaminidase in several bacterial species of medical interest, which 

consequently inhibits biofilm formation.
[136]

 Dispersin B confirmed that A. baumannii 

synthesizes PNAG and specifically cleaves the -(1-6) linkage of glucosamine and 

depolymerizes PNAG.
[57]

 The combination of Dispersin B with an antimicrobial could be 

more effective because this enzyme does not have antibacterial activity. Therefore, Gawande 

et al. (2014) tested the combination of this enzyme with an antimicrobial (Acticoat) to 

develop a spray to treat chronic wounds.
[137]

 the results showed that this combination gave 

significantly better results compared to Acticoat alone.
[137]

 Alginate lyase was considered to 

be active against alginate (Pseudomonas aeruginosa EPS).
[138]

 Digestion of this EPS 

increased the sensitivity of the biofilm formed by this germ to antibiotic.
[138]

 Moreover, it has 

been shown that Azithromycin blocks alginate production by Pseudomonas aeruginosa.
[139] 

 

Through EPS, EPM is characterized by a hydrated nature that protects the cells inside the 

biofilm.
[30,74]

 This hydration of EPS is also explored as an anti-EPM therapy. Falghoush et al. 

(2017) evaluated the effect of different osmotic compounds namely maltodextrin, sucrose and 

polyethylene glycol to improve the efficacy of antibiotics against A. baumannii biofilms.
[37] 

They found that the combination of antibiotics with hypertonic concentrations of osmotic 

compounds for 24 hours reduced the number of A. baumannii cells in the biofilm by 5 to 7 

log.
[37]

 

 

Interestingly, antibodies have been reported as a possible solution against biofilms. 

Antibodies to the partially de-N-acetylated form of PNAG facilitated the biofilm accessibility 

and destruction of Staphylococcus aureus by human neutrophils.
[140]

 For A. baumannii, 

Bentancor et al. (2012) demonstrated that PNAG is a target for antibody development in two 

chronic infections: pneumonia and bacteremia.
[141] 

 

Targeting Biofilm-associated protein 

As mentioned before, Bap is the major biofilm matrix protein of A. baumannii. Therefore, it 

is useful to find an anti-Bap solution to inhibit A. baumannii biofilm formation. L-Adrenaline 

has been suggested as a Bap inhibitor of A. baumannii, it binds to monomers as well as 

oligomers with good affinity.
[88]

 This molecule is a possible discovery of an anti-Bap, anti-

Bap amyloid formation and consequently, anti A. baumannii biofilm agent.
[88]

 In another 

work, transcriptomic analysis revealed a decrease in the expression of different virulence 

genes in two strains of A. baumannii including the bap and pgaA, pgaC genes when treated 

with a combination of phytol and cefotaxime.
[130]

 This caused an alteration of EPM of A. 
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baumannii biofilms due to a variation in the amount of PNAG and Bap.
[130]

 Similarly, 

Zerumbone, a natural compound derived from the plant Zingiber zerumbet (L.) Smith, 

reduced bap gene expression in A. baumannii.
[131]

 A. baumannii Biofilm formation was also 

inhibited by affinity-purified Bap antibodies, indicating the direct participation of Bap in the 

development of biofilms of this pathogen.
[132]

 In another study, Bardbari et al. (2018) tested 

the effect of melittin, a cationic, amphipathic and alpha-helical peptide, against the biofilm of 

multi-resistant strong biofilm producing strains of A. baumannii.
[133]

 The results indicated a 

significant decrease in bap messenger RNA levels in all isolates.
[133]

 Furthermore, the 

synergy between melittin and colistin inhibited biofilm formation entirely, suggesting the 

possibility of using this combination to treat A. baumannii.
[133]

 The use of proteases to 

degrade the protein component of the biofilm matrix has been shown to be useful. It is known 

that endogenous proteases play a role in biofilm dispersion.
[142]

, it has also been demonstrated 

that exogenously added proteases can exhibit dispersal activity against established 

biofilms.
[142] 

 

Surprisingly, anti-amyloid drugs used to target human pathological amyloids, such as in 

Alzheimer's and Parkinson's diseases, have been transformed into antibiofilm agents due to 

the recently discovered participation of bacterial amyloids in the EPM.
[143]

 

 

Targeting Extracellular DNA 

Extracellular DNA, as an important component in the EPM, has been exploited as a possible 

therapeutic tool to interfere with the formation of biofilm. Nucleases have been examined 

against a number of bacteria.  DNase acts against eDNA by cleaving single and double-

stranded DNA preferably at the phosphodiester bonds adjacent to pyrimidine nucleotides.
[144]

 

The presence of DNase reduced the biomass, resulting in a reduction in the number and size 

of microcolonies as well as a decrease in antibiotic tolerance.
[145]

 This decrease in antibiotic 

resistance makes this DNase approach very interesting.
[145]

 DNase  has previously been 

reported to be effective against eDNA and conceivably A. baumannii biofilms.
[55] 

 

Whitchurch et al. (2002) found that the timing of DNase addition influenced its effect against 

biofilm.
[106]

 In another way, addition of this enzyme at early stages inhibited biofilm 

formation which supports the fact that eDNA is crucial for biofilm development. However, 

its addition to more mature biofilm had no significant effect due to protective interactions 

within the matrix.
[106]

 The cause of this temporary sensitivity is probably the presence of 

other components of the EPM that can replace the eDNA or the creation of interactions 
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between the other components and eDNA to protect it from degradation.
[146]

 As a result, a 

combined approach of several enzymes target the different components of the matrix at the 

same time may be useful.
[146]

 In another hypothesis, mature biofilms may produce proteolytic 

exoenzymes to deactivate DNase, thus making it active only in the early stages.
[120] 

 

Glutathione was tested for its activity in disrupting biofilm formed by multidrug-resistant A. 

baumannii strains by improving the efficacy of antibiotics.
[134]

 Firstly, biofilm viability 

showed a decrease of more than 50% with 30 mM of glutathione, and then, confocal imaging 

showed considerable changes in the biofilm architecture of the isolates.
[134]

 The action 

mechanism may be due to an increase in acidity which triggers the cleavage of matrix 

components; eDNA and polysaccharides. Moreover, glutathione improved the efficacy of 

amikacin, and its combination with amikacin and DNase showed the greatest reduction in A. 

baumannii biofilm viability.
[134]

 Furthermore, the combined action of a quorum sensing 

(bacterial communication) inhibiting enzyme Aii20J and DNase reduced biofilm formation 

by A. baumannii.
[107] 

 

CONCLUSION 

After attempts to kill cells in biofilms have failed, attention has turned to disrupting the 

biofilm matrix to facilitate the penetration of antimicrobial agents or to return cells to their 

planktonic vulnerable state. Targeting the matrix composition seems to be useful. However, 

variability in matrix composition and structure depending on strain, metabolic activity, 

nutrient availability, environmental conditions, and stage of biofilm growth may pose 

significant obstacles to the development of anti-EPM therapies. In addition, the 

physicochemical complexity of the biofilm microenvironment demines the efficacy of this 

approach. On the other hand, the clinical application of these anti-EPM therapeutic strategies 

must be accompanied by antibiotics to eradicate the bacterial cells, because most of these 

techniques have no bactericidal action. Consequently, this field requires a thorough 

evaluation before any application.
[147] 
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