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Abstract: Bacterial biofilms are multicellular aggregates enclosed in a self-created biopolymer matrix.
Biofilm-producing bacteria have become a great public health problem worldwide because biofilms enable
these microorganisms to evade several clearance mechanisms produced by host and synthetic sources like
antibiotics. Majority of these biofilm forming micro-organisms have developed resistance against most of the
antibiotics and hence cause difficulty in treating them with the present antibiotics. There are many other ways
to kill the biofilm formed by the bacteria of which few are discussed in this paper. All the methods have proved
effective against the biofilm and has helped in the treatment of the disease. But the complete knowledge on the
specific method is not known and the way of their action is not completely ascertained. But there is still a need
for the development of newer techniques to overcome the problems caused by them. The micro-organisms are
developing day by day and are getting resistant to multiple drugs due to the over exploitation of antibiotics,
hence there has become an utter need for the development of newer ways to fight against them. The research
for new techniques is still in the infancy stage and researches need to work out more to solve the issues of the

biofilm forming organisms.
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INTRODUCTION

Due to the emerging and increasing antibiotic
resistance, treatment of infectious diseases has become a
major concern [1, 2]. Decreasing speed of discovery of
new antimicrobials into the market has led to emerging
and rapid spreading of the drug resistant isolates.
Hence, spreading of these drug resistant isolates is a
serious threat to public health [1-4]. Previous studies have
shown various associations between antibiotic resistance
and biofilm formation. Biofilms have major medical
significance as they decrease susceptibility to
antimicrobial agents. The decreased susceptibility to
microbial agents within a biofilm arises from multiple
factors, including physical impairment of diffusion of
antimicrobial agents, reduced bacterial growth rates and
local alterations of the microenvironment that may impair
activity of the antimicrobial agent. Furthermore, the
proximity of cells within a biofilm can facilitate plasmid

exchange and hence enhance the spread of antimicrobial
resistance [5]. Bacteria within the biofilm behave
differently from their planktonic counterparts especially in
of antibiotics,
conventional antibiotic therapies [6].

On the basis of their growth -characteristics,
microorganisms have primarily characterized as planktonic
[7]. It is now widely accepted that about 99% of all
microorganisms attached to a surface and grow as a
biofilm is a universal microbial strategy for their survival
[8]. Biofilms have high cell densities ranging from 10°
to 10" cells per gram of wet weight. They are persistently
attached to both biotic and abiotic surfaces ranging
from the human tooth or lung and the intestine of a cow
to a rock submerged in a fast-moving stream. Medical
devices that can be colonized by biofilms include
intrauterine contraceptive devices, implants, prosthetic
medical devices, catheters, dental materials, cardiac valves
and contact lenses [9].
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It has been found that bacteria inside the biofilm
are 10-1000 times more resistant to antimicrobial agents
than the planktonic ones [10]. The bacteria within a
biofilm are in a distinct metabolic state that differs from
the free-floating planktonic state. They express additional
virulence factors. Bacteria in a biofilm communicate with
each other by sending signals which regulate the gene
expression of neighbouring bacteria in a phenomenon
known as “quorum sensing” [11]. Once a biofilm has
matured, it is difficult to kill the bacteria within it. The main
aim of this review article is to highlight the threats caused
by the biofilm formation due to its resistance against the
available antimicrobial agents. This article also gives a
glimpse about the other methods available for the
treatment of the biofilm, which has proven effective
against it.

Biofilm Formation: A biofilm can be defined as a
“matrix-enclosed accretion of single or multiple strains
of bacteria that adhere to biological or non-biological
surfaces” [12, 13]. Bacteria living in a biofilm are able
to resist shear forces in fluids and other external
environmental factors than free-floating bacteria.
The biofilm matrix which binds the bacteria together
also enhances their communication with one another
which consequently increases their pathogenicity [14].
There are five stages in biofilm formation: adhesion;
irreversible adhesion; colonization; mature biofilm and
dispersion [15]. The initial adhesion of bacteria to a
surface is weak and microorganisms are able to bind
and then detach readily. In the following stage, the
binding is irreversible and the bacteria produce
extracellular polymeric substances (EPS) which surround
and retain them on the surface. At this point, the shear
force from fluid flowing past will not readily cause the
biofilm to detach. As the colonization stage progresses,
microorganisms start to form more complex towers and
other three-dimensional (3D) structures. As the biofilm
grows in complexity, bacteria secrete chemical signals and
communicate with each other [16]. As the biofilm matures
further, the towers develop complex shapes due to
the shear forces exerted by the movement of fluids.
Within the biofilm, bacteria show heterogeneity and play
different roles, according to their location. As the biofilm
matures, it becomes better at surviving despite
unfavourable environmental conditions, such as limited
nutrition or low oxygen levels. In the final stage, as
competition for nutrients and oxygen becomes greater,
bacteria begin to detach from the biofilm and then
disperse, to initiate biofilm formation in new locations [15].
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Biofilm Forming Bacteria and Their Resistance Against
Antibiotics

Correlation Between Biofilm Formation and Carbapenem
Resistance: Klebsiella pneumoniae is one of the
most common human pathogens which is recovered
from a wide range of community and hospital acquired
infections such as pneumoniae, bacteremia, urinary
tract and respiratory tract infections [17]. The major
virulence factors of K. pneumoniae are capsules,
fimbriae, lipopolysaccharides and biofilm formation [4].
The bacterial populations can survive in harsh conditions
within host, by the formation of biofilm [18].

Rahdar et al [19] collected a total of 160 K.
pneumoniae isolates from various infections of
hospitalized patients at Army hospitals and identification
of bacterial isolates were performed using phenotypic and
biochemical tests according to standard methods [20].
They tested these isolates against carbapenem, which
is a highly effective antibiotic agent which is used for
the treatment of severe or high-risk bacterial infections.
The Carba NP test and molecular methods were used by
them for detection of carbapenem resistance isolates of
K. pneumonia and also studied the ability of biofilm
production on all isolates. They observed a significant
correlation between biofilm formation ability and
carbapenem resistant isolates. Among carbapenem
sensitive cases they found a varied biofilm production
that is strong, middle and weak.

The increase of carbapenem resistance in biofilm
producing isolates of K. pneumoniae is to be considered
as a serious alert and the basic measures to combat this
phenomenon has to be imperative. In conclusion, the
specific antibacterial resistance can compromise or
enhance biofilm formation among the bacterial population.
Therefore, the increasing prevalence towards the
resistance of drug and antibiotic is alarming condition in
the case K. pneumoniae in hospitals and it even indicates
the high level of threat from this pathogen.

Biofilm Formation and Antimicrobial Resistance of
E. coli in Diabetic and Nondiabetic Patients: Diabetes is
a chronic, metabolic disease characterized by increased
levels of blood glucose, which on overtime leads to
serious damage to heart, kidney blood vessels, nerves
and eyes. The number of people with diabetes has
increased from 108million (1980) to 422million (2014)
worldwide, causing 1.6million deaths in 2015 [21, 22].
Diabetic patients are more susceptible to infection
compared to nondiabetic counterparts, urinary tract
infection being the most common bacterial infection
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encountered in these patients. Susceptibility of the
infection in these patients increases with longer duration
and greater severity of diabetes. The main causative
agent for the UTI is E. coli. UTI is considered as the
most common infectious disease affecting both men and
women and the most affected one are women [23]. The
main problem associated with UTI is its recurrence and
persistence, which is mainly due to the presence of biofilm
associated pathogen [24].

Raya et al. [25] had collected the urine samples
from over 1, 099 patients and they processed the urine
samples by standard microbiological techniques; of
which 182 samples were from the diabetic group and
917 were from the non-diabetic. They subjected all the
isolates to antibiotic susceptibility test by using modified
Kirby-Bauer disc diffusion method and the invitro biofilm
forming capacity of the isolates were detected by
Microtiter plate method. They observed that UTI was
significantly high in diabetic people, E. coli being the
most common causative agent of UTI in both diabetic and
non-diabetic. The prevalence of biofilm producing
uropathogens was higher in both diabetic and
nondiabetic groups. E. coli showed higher percentage of
resistance to amoxicillin, followed by ciprofloxacin in
both diabetic and nondiabetic patients. E. coli isolated
from diabetic patients were found to be the most resistant
to many of the antibiotics compared to nondiabetic
patients. Biofilm producing E.coli showed comparatively
high resistance rate to tested antimicrobial agents than
non-biofilm producing E. coli counterparts. The resistance
rate of quinolones, third generation cephalosporin and
sulphonamide was statistically higher among biofilm
producing E. coli. Thus, they concluded that the biofilm
forming E. coli in diabetics were multi drug resistant.
The higher the biofilm production the greater the
resistance to in-use antimicrobial agents, this study
renders its inefficacy for empirical treatment and point out
the importance of biofilm screening to ensure the effective
management of infection.

Antibiotic Susceptibility Patterns and Biofilm Formation
in Clinical Isolates of Enterococcus spp.: Enterococcus
is a commensal in the intestine and is now emerging as a
drug-resistant pathogen. It produces different virulence
factors. Enterococcus surface protein (ESP) is a virulence
factor that helps in adhesion, but its role in biofilm
formation is still not exactly known. Enterococci are
normal flora of oral, gut and female genital tract of humans
and are known to cause nosocomial infections [26-29].
E. faecalis is responsible for 80-90 percent and E. faecium
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5-10 percent of the human enterococcal infections
[30, 31]. Most frequent infections caused by
Enterococcus spp. are urinary tract infections followed
by intra-abdominal abscesses and bloodstream infections
[32]. Biofilm protects Enterococci from host immune
response and antibiotics. Biofilm-producing Enterococci
cause recurrent, chronic and antibiotic-resistant infections
[33-35]. Apart from biofilm-forming ability, Enterococcus
spp. are known to produce various virulence factors [36].
Moreover, clinical isolates have been reported to harbor
gene coding for esp virulence factor rather than the
commensal strains [37].

Sridevi and Biranthabail [38] had conducted the
experiment to study the prevalence of drug resistance in
clinical isolates of Enterococcus spp. and to find the
association of drug resistance with biofilm formation and
esp genes. They tested the antibiotic susceptibility test
by Kirby-Bauer disc diffusion and biofilm production
was done by microtiter plate method. PCR was performed
for detection of esp gene. They isolated the Enterococci
from clinical samples like pus, sputum, vaginal swab and
aspirates. A total of 150 isolates of Enterococcus were
included in the study. They found out that 82% were
E. faecalis, 63% were E. faecium. They performed a PCR
on the isolates for the detection of esp genes and they
found that 40 isolates were positive for esp genes.
They found out that the relation between esp gene and
biofilm formation was significant, but not in all the cases.
In this study they found that, 21.9% of Enterococcal
isolates produced biofilm, which included 27.5% E.
faecium and 17.7% E. faecalis. Two E. faecium strains
resistant to vancomycin and high-level aminoglycoside
(HLAR) were non-biofilm-producers and did not harbor
esp gene. However, other biofilm-producing E. faecium
harbored esp gene. They observed that there was no
significant association between biofilm formation and
presence of esp gene in E. faecalis. Moreover, a
significant correlation was not found between drug
resistance and biofilm production in both Enterococcus
species. Thus, biofilm formation is not always associated
with the presence or absence of esp gene and or drug
resistance in Enferococcus spp. They concluded that
E. faecium is more resistant than E. faecalis. Hence,
speciation and antibiotic susceptibility testing are
necessary to detect the emergence and changing pattern
of drug resistance. Vancomycin-resistant Enterococcus is
a significant cause of concern as this might share its
resistance gene with other bacterial strains, causing
crossover of gene rendering others resistant to
vancomycin.
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Treatment Methods Against Biofilm Forming Bacteria
Hypochlorous Acid Generating Electrochemical Scaffold
for Treatment of Wound Biofilms: Biofilm formation
causes prolonged wound infections due to dense biofilm
structure, differential gene regulation to combat stress
and production of extra cellular polymeric substances.
Staphylococcus aureus, Pseudomonas aeruginosa and
Acinetobacter baumannii are commonly associated with
biofilm formation in wound infections [39-42]. Biofilms of
S. aureus lead to a chronic infectious state in wounds
by stimulating the production of pro-inflammatory
cytokines and prolonging the inflammatory phase of the
wound [43, 44]. Public and healthcare concerns have
arisen because of the increasing prevalence of bacteria
resistant to antibiotics and antiseptics [45, 46]. Thus, it
is crucial to develop new treatment approaches to combat
biofilm-infected wounds that do not involve antibiotics.

An experiment was performed by Kiamco et al. [47]
using  H,O,-producing electrochemical  scaffold
(e-scaffold) that eliminated large microbial communities
in biofilms. HOCI eradicates bacteria by inhibiting
bacterial growth, cell division and protein synthesis;
oxidizing sulthydryl enzymes and amino acids; decreasing
adenosine triphosphate production; breaking DNA;
and depressing DNA synthesis [48-50]. HOCI is already
used as a wound cleansing agent [51] and published
work demonstrates that HOCI acts as an antimicrobial,
anti-biofilm agent that also promotes wound healing
[52]. They hypothesised that HOCI generated
electrochemically by the e-scaffold can eliminate biofilms
without damaging host tissue. The e-scaffold is a device
that oxidizes chloride ions from phosphate-buffered saline
(PBS) or physiological chloride ions in blood and wound
fluid to chlorine [53], the chlorine then reacts with water
to produce HOCI. Low concentration of HOCI can be
antimicrobial without causing cytotoxicity to host tissue.
To verify HOCIl generation, they used custom-made
microelectrodes to measure HOCI concentrations near the
surface of the e-scaffold. S. aureus, A. baumannii and
P. aeruginosa biofilms were subjected to HOCI e-scaffold
treatment for various lengths of time. The addition of
exogenous HOCI for biofilm treatment was also compared
to e-scaffold-generated HOCI. The e-scaffold produces a
continuous supply of HOCI at a low concentration, a
process that is very different from simply applying
HOCI directly to a wound. They also concluded that their
e-scaffold did not change the pH in the wound bed and
thus did not cause any side effects. They were successful
in eradicating the A. baumannii, P. aeruginosa and
S. aureus from the wounds.
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Non-Antibiotic Antimicrobial Agents: Generally,
antibiotics are used to stop the growth of bacteria, but
emerging resistance has limited their effectiveness.
This is because of the excessive use of antibiotics
having led to drug resistance, both within health care
settings and wider community [54]. Bacteria in biofilms are
less susceptible to antibiotics compared with their
free-floating state, as biofilms impair antibiotic
penetration. To overcome this challenge, non-antibiotic
antimicrobial agents are needed. Here it has been
described about two classes of these agents, namely
antimicrobial nanoparticles and antimicrobial peptides.

In light of these issues, there is growing interest in
the search for non-antibiotic antimicrobial agents.
Unlike antibiotics, which target a single metabolic
pathway, these agents usually attack multiple sites on
bacteria. Non-antibiotic antimicrobial agents, including
silver nanoparticles or antimicrobial proteins, may bind to
and oxidize thiol groups, block DNA replication, alter
bacterial gene expression, denature enzymes, induce
reactive oxygen species (ROS), or damage bacterial
membranes [55, 56]. By attacking multiple molecular
targets, the likelihood of developing drug resistance
should be much lower [55]. There is particular interest
in developing antimicrobial agents that can work
against bacteria with multi-drug resistance (MDR).
The main purpose of the usage of these agents is to
cause a fewer side effect on the host and to lower the
chance of inducing resistance and also to completely
wipe out the disease-causing organism from the body of
the host.

Antimicrobial Nanoparticles: Inorganic antimicrobial
agents include metal ions and photocatalysts, the
main particles used in the treatment are silver, zinc oxide
and titanium dioxide when used in the form of
nanoparticles.

Silver Nanoparticles (Ag-NPs): Ag NPs have a diameter
between 1 nm and 100 nm [57]. They have been used
widely in many areas, including medical devices (such as
wound dressings), pharmaceutical products, food
packaging and kitchen appliances [58-61]. Ag NPs can
inhibit the growth of many bacteria and fungi because
of their unique physiochemical characteristics [62, 63].
Ag NPs can directly influence bacterial cell membranes
and can impair bacterial respiration, metabolism and
proliferation [64]. Ag NPs are found effective against
Pseudomonas putida [65] AgNPs have also proven to be
effective against biofilms of S. aureus [66].
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Zinc Oxide Nanoparticles (ZnO-NPs): ZnO NPs can exert
antimicrobial effects against many species of bacteria and
fungi [67, 68]. They disturb the stability of bacterial cell
membrane, causing leakage, which leads to bacterial death
[69]. Within the oral cavity, biofilms can form on teeth and
on other hard and soft surfaces. Oral biofilms are complex
and contain many species of bacteria and fungi. These
multi-species biofilms show greater resistance to
antibiotics than a single species biofilm [70-72]. ZnO NPs
interfere with oral biofilms and kills them. ZnO NPs can
inhibit biofilm formation of Streptococcus pneumoniae, a
common cause of pneumonia [73]. ZnO NPs have also
been shown to reduce biofilm formation by uropathogenic
E. coli strains [74].

Titanium Dioxide Nanoparticles (TiO,-NPs): TiO2 is a
photocatalyst that helps to generate strong oxidizing
agents when irradiated with UV light [75]. Matsunaga
et al. [76] demonstrated that platinum-loaded TiO, can kill
E. coli bacteria dispersed in water. Following this initial
report, TiO2 NPs have been examined for use as a
disinfectant [77]. They can disrupt biofilms produced by
Listeria monocytogenes, a common food-borne bacterium
that causes health issues in food processing [78].
Likewise, TiO2 NPs can inhibit the growth and reduce
biofilm formation by the common oral bacterial species
Streptococcus mitis [79] and also by methicillin-resistant
S. aureus (MRSA) [80]. In the same manner, TiO, NPs can
exert anti-biofilm effects against Streptococcus mutants
[81]. Because of the effects of TiO, NPs against S. aureus,
it has been suggested that a film of TiO, could be used on
the surface of medical implants to reduce the levels of
contamination by pathogens [82].

Antimicrobial Peptides and Proteins: Antimicrobial
peptides which are also known as host defence peptides,
play an important role in normal host immune responses
to pathogenic microorganisms [83]. The antimicrobial
activity of AMPs is not as strong as conventional
antibiotics, but is sufficient to kill pathogens. AMP create
pores in the cell membrane. In Gram-negative bacteria,
AMP can disaggregate lipopolysaccharides (LPS) in
the outer layer of the bacterial membrane [84]. LPS are
a potent trigger for host inflammatory responses
elicited by macrophages and other immune cells [85].
In Gram-positive bacteria, AMP such as lantibiotics can
inhibit the replication of bacteria because of their effects
on peptidoglycans in the cell wall [86, 87]. Both natural
and synthetic AMP can exert antimicrobial effects [88].
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Zapotoczna et al. [89] showed that synthetic AMP
(Bac8c, HB43, P18, Omiganan, WMR, Ranalexin and
Polyphemusin) could successfully destroy a S. aureus
biofilm in a catheter.

Antimicrobial Enzymes: These enzymes are found in
many organisms as a part of their innate defence
mechanisms against bacterial invasion. Not only these
enzymes attack bacteria directly, but they also inhibit
the formation of biofilms. The major types of Journal
Pre-proof 12 antimicrobial enzymes are proteolytic
enzymes and polysaccharide-degrading enzymes [90].
Amongst the proteolytic enzymes, subtilisins, which
belong to the serine proteases, are used in industry to
control biofilm growth [91]. These enzymes are produced
by Bacillus spp. Lysostaphin is a proteolytic enzyme
from S. simulans, this can rupture the cell walls of
staphylococci and so is a promising candidate in the
search for agents that can inhibit MRSA [92].

All these non-antibiotic antimicrobial agents have an
impact on the biofilm producing organisms but their
action is not completely understood yet, more research
needs to be done on these Nano particles and
antimicrobial peptides and proteins as they have a
promising effect on the biofilm producing microbes.
All these can be combined with other chemicals and some
traditional techniques also, the Nano particle’s
cytotoxicity has also to be kept in calculation before a
high dose is administered.

Use of Phages: Methicillin-resistant S. aureus (MRSA)
biofilm producers represent an important etiological
agent of many chronic human infections. Antibiotics and
host immune responses are largely ineffective against
bacteria within biofilms. In this context, Dakheel et al. [93]
have demonstrated the usage of phages to destroy
MRSA biofilms as an innovative alternative mechanism.

In the light of emerging antibiotic resistance among
biofilm producing bacteria and antibiotic-induced biofilm
production, the development of selective antibacterial
agents with less toxicity towards the treatment of
biofilm-induced infections has become imperative [94, 95].
Therefore, the phage-based anti-biofilm strategy would
be an attractive solution towards addressing the
biofilm menace. Bacteriophages, like all viruses, are
obligate intracellular parasites that need a host to
multiply. They require actively growing host cells to
multiply and reproduce. They are abundant in the water
environment [96-98]. Lytic bacteriophages isolated and
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characterized from several MSRA strains play crucial roles
in the investigation of the potential use of phages and
their products as therapeutic agents against infections
caused by biofilm-producing MRSA. Bacteriophages
have been tested as anti-infectives in human and animals
[99, 100]. Phage encoded lytic proteins have also been
used to inhibit pathogenic bacteria [101-103].

Dakheel et al. [93] had isolated twenty-five MRSA
biofilm producers and were used as substrates to isolate
MRSA-specific phages. They had isolated two phages
(UPMK 1 and UPMK 2). They found both phages varied
in their ability to produce halos around their plaques,
host infectivity, one-step growth curves and electron
microscopy features. They found that the UPMK 1
isolate was not effective against all the 25 MRSA biofilm
producers, where the UPMK 2 phage isolate was
effective against all the 25 MRSA biofilm producers.
The phages basically degraded the biofilm and killed the
S. aureus strains. They concluded from their experiment
that both the phages possessed Iytic enzymes that
were associated with a high ability to degrade biofilms.
Based on the results, phages can be used as a new
bio-weapon against these biofilm forming microorganisms.

CONCLUSIONS

Emergence of severe biofilm infections and its
resistance to antimicrobial treatment, has posed a great
challenge in the medical field. This review provides the
information of the mechanism of biofilm formation and
antibiotic resistance among biofilm forming bacteria.
Details regarding the treatment strategies provide better
understanding about the mode of action of antibiotics and
non-antibiotic methods can be further used to combat the
biofilm producing microorganisms with the previously
known target of action.
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