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Abstract: Staphylococcus aureus and Pseudomonas aeruginosa are opportunistic pathogens commonly associated
with burn wound infections. These bacteria can form biofilm and contribute a high-level drug resistance to
available antibiotics. This study focused on the bacteriolytic activity of phages vB_SAnS SADP1 and
vB_PAnP_PADP4 on 24 h old single or dual-species biofilms of Staphylococcus aureus and Pseudomonas
aeruginosa in alone and in combination. Scanning and confocal laser scanning microscopic studies confirmed
the structural organization of biofilms in single or dual-species combinations in in-vitro conditions. Single
species biofilms are more robust and densely packed at 24 h of incubation. In contrast, dual-species biofilms
(0.67+ 0.02) are weakly associated due to their inter-species competition and are easily affected by phage
cocktails (0.16 + 0.02). In Invitro conditions, dual-species biofilms were more easily affected by phage cocktail
than single phage. Scanning electron microscopic studies revealed the complete diminishment of biofilm
formation by four h treatment with single phage or phage cocktails on single species or dual-species biofilms.
Confocal laser scanning microscopic images with stains Syto®9 and propidium iodide revealed that phage
treatment showed significant uptake of propidium iodide, indicating massive cell death mediated by respective
phage or phage cocktail.

Keywords: dual species biofilms; Bacteriophage cocktail; multi-drug resistance; scanning electron
microscopy; confocal laser scanning microscopy

1. Introduction

Burn wound infections are generally associated with poly-microbial, multi-drug resistant
bacterial pathogens. Predominant bacterial isolates of burn wound infections were Pseudomonas
aeruginosa, Staphylococcus aureus, Klebsiella pneumoniae, and Escherichia coli. Co-infection of these multi-
drug resistant bacteria leads to the worse patient outcome. A high level of drug resistance and ability
of in vivo biofilm formation, bacterial virulence, and immune evasion contributes to high mortality
rates. Biofilms are densely packed communities of microorganisms growing on biotic and abiotic
surfaces or surrounding themselves by secreting extracellular polymers [1]. Within a biofilm, the
bacteria communicate with each other by producing chemotactic factors or pheromones. This
phenomenon is called quorum sensing [2]. Bacteria move towards surfactants by chemotaxis; surface
adhesions and the presence of surfactants are responsible for forming biofilms, which is one of the
critical survival strategies of pathogens [3,4]. The formation of biofilms will begin when the bacteria
sense unfavorable environmental conditions that trigger the transition to live on those surfaces. The
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structural and physiological complexity of biofilms has led to an idea enforced on coordinated and
cooperated groups and analogs to multicellular organisms [5,6]. In humans, biofilms are responsible
for developing many diseases, most of which are associated with medical devices. Significant
problems of biofilms are their inherent tolerance to defense mechanisms and antibiotic therapy.
Therefore, there is an urgent need to manifest alternative ways to prevent or control biofilm-
associated infections [7,8].

Microorganisms in a biofilm are intrinsically more resistant to antimicrobial agents than
planktonic cells [9,10]. A high dose of antimicrobial agents is required to inactivate the biofilm
growth. According to the national institute of health (NIH) report, more than 80% of infections
associated with biofilms are dental plaques, urogenital tract infections, peritonitis, and urogenital
infections [3,11]. Both gram-positive and gram negative can form biofilms, including Staphylococcus
aureus, Streptococcus, Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae, and proteus species.
Pathogenic bacterial biofilms have been associated as a source of infection, and often it's challenging
to treat with available antibiotics because they develop resistance to present antimicrobial treatment
mechanisms and often act as a source of a high number of bacterial communities. The bacteria
encased in the biofilm showed an elevated drug resistance nature and were even tricky for the host
immune system to clear [12,13].

Several strategies are currently used to eradicate biofilm formation and minimize the microbial
load on the infectious sites. One of the widely employed methods for biofilm treatment is
bacteriophage therapy [14]. Bacteriophages were used to treat bacterial diseases in plants, animals,
and humans [15]. The use of bacteriophages to control biofilms is one of the best methods because of
its merits. Phages can replicate at the site of infection, thereby increasing the number of progenies,
where the bacterial load is predominant, and biofilm is formed.

Moreover, a single virion will produce hundreds of progeny phages, and most the
bacteriophages can produce degrading enzymes for the extracellular polysaccharides of bacteria.
Hence, Bacteriophage possesses unique properties and shows considerable promise in controlling
biofilms. However, such applications are still evolving in large-scale production or under
development [16-18]. Thus, identification is the most effective approach or required and speculative
nature to reach the best practices for appropriate use. Biofilms are formed by associating bacterial
communities on solid surfaces; bacterial cells are attached to the surface because of their extracellular
polymeric matrix. Biofilms are generally multi-species in nature. Biofilms can adhere to a wide
variety of biotic or abiotic surfaces such as human tissues, medical devices, and plastic apparatus,
causing infections and economic burden. Current antibiotics and disinfectants have limited efficacy
on biofilms; in this situation, phage or phage cocktails are proposed promising alternatives for biofilm
eradication.

In this present study, we are mainly attentive to showing the significant comparative lytic effect
of phage and phage cocktail on biofilm of single-species biofilm of P. aeruginosa, S. aureus, and
interspecies competition of dual-species (P. aeruginosa + S. aureus) combination by employing
scanning electron and confocal laser scanning electron microscopic studies, isolated from burn
wound infections.

2. Methods and Materials
2.1. Bacterial Strains, Bacteriophages, and Growth Conditions

MDR-bacterial isolates were isolated from patients with burn wound infections and were
previously reported to be used for this study [19]. The experiments performed in this article were
approved by the Institutional Review Board (IEC). P. aeruginosa, S. aureus, were selected and grown
on Luria agar (Himedia, Mumbai) at 37°C. Bacteriophages vB_PAnP_PADP4 for (P. aeruginosa) and
vB_SAnS_SADP1 for (S. aureus) were isolated as described previously [20]. The bacteriophages were
stored in salts of magnesium (SM) buffer (5.8 g /L NaCl, 2 g/L MgSO4+.7H20, 50 ml /L 1M-Tris-HCI
pH 7.5) at 4°C. The biofilm staining was performed using FilmTracer™ LIVE/DEAD® Biofilm
viability kit (Molecular Probes, Life Technologies Ltd) according to the instructions provided by the
manufacturer.
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2.2. Determination of Biofilm Biomass of Single or Dual Species

To determine the bacteriophage inhibitory effect on the single or dual-species biofilms, 100 uL
of bacterial culture (S. aureus/P. aeruginosa) and 100 pL of respective bacteriophages (10° PFU) were
added to 24 well culture plate for single-species biofilm assay. For the dual-species study, the
following combinations of bacterial cultures and bacteriophages were used as mentioned, 100 pL of
S. aureus + 100 pL of P. aeruginosa (100 pL of SM buffer, 100 pL of phage SADP1 + 100 uL of Phage
PADP4) and SM buffer were used as a control instead of bacteriophages. The above sets of cultures
were incubated for 24 h at 37°C, and other groups were incubated with respective phage and phage
cocktails for four h to determine the phage effect on biofilm biomass of single or dual species. After
incubation, the planktonic bacteria were removed by washing twice with PBS buffer. A crystal violet
assay measured the biomass attached to each well in 24 well tissue culture plates. The wells were
washed four times with PBS-(pH 7.4), then biofilms were fixed with 200 uL of methanol for 15 min.
Methanol was removed, and to each well was added 200 pL of crystal violet (1% v/v, Qualigens,
Mumbai) and incubated for 15 min. The wells were then washed with water and dried for two h at
room temperature, and 300 uL of ethanol (95%) was added to dissolve the stain. The absorbance of
eluted stain was measured at 570 nm with a benchmark plus microplate spectrophotometer (Bio-Rad
Laboratories, Hercules, CA, USA), and triplicates were maintained [21,22].

1. Scanning electron microscopy

Biofilms were grown on borosilicate glass coverslips earlier placed into the wells of a 24-well
microtiter plate. Single and dual-species biofilm formed on the coverslips were incubated with 100
UL of respective bacteriophages (10° PFU) for four h. After treatment, the coverslips were washed
twice with PBS and dried in an incubator for 20 h at 37°C. The biofilms coated on glass slides were
fixed with glutaraldehyde (2.5%) and dehydrated through a series of graded ethanol (30-100%) for
five minutes. Further, the glass slides were sputtered with gold after critical point drying, and the
aggregated biofilms were examined using Scanning electron microscopy (FEI, Tecnai G-25 Twin) [23—
25].

2.  Confocal Laser Scanning Microscopy

24 h old biofilms of MDR-bacterial isolates of burn wounds and their respective bacteriophage
treated (4 h) slides were stained with Syto ®9 stain and propidium iodide nucleic acid dyes. Briefly,
a working solution of fluorescent stains was prepared by adding 3 uL of Syto ®9 stains and 3 uL of
propidium iodide (PI) stain to 1 mL of filter-sterilized water. 200 puL of staining solution was
deposited on a glass coverslip surface coated with biofilms and treated with respective phages. After
15 min incubation at room temperature in the dark, samples were washed with sterile saline to
remove the excess dye and rinsed with water from the base of the support material.

MDR-bacterial biofilms and respective phage-treated coverslips were subjected to CLSM to
detect the effect of bacteriophages on the MDR-bacterial biofilms. The staining with FilmTracer™
LIVE/DEAD® Biofilm viability kit (Molecular Probes, Life Technologies Ltd) was performed
according to the instructions provided by the manufacturer [26].

3. Results

Lytic phages can lyse the bacteria, release progeny, and gradually spread around them,
inhibiting bacterial growth and cell number. Indirectly phage lytic action on bacteria decreases the
biomass of biofilms. Since biofilms incubated for four h with phage and phage cocktail showed
decreased biofilm biomass, we used SEM and CLSM to gather more evidence on the morphological
changes during this process.

3.1. Phage or Phage Cocktail Action on Biofilm Biomass

S. aureus produced a higher amount of biomass (0.856) than P. aeruginosa (0.761). In contrast, in
dual-species, combinations of S. aureus + P. aeruginosa (0.67) produced low concentrations of biomass
than the individual states. Interspecies competition between these gram-positive and gram-negative
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bacteria may be responsible for decreased OD values at 37°C at 24 h of incubation. The phage lytic
action was measured on single and dual species at 37°C for four h of incubation. The phage cocktail
showed efficient bacteriolytic activity; its OD value (0.16 +0.02) is much less than in the individual
state documented in Table 1. The reduced biomass was noticed in the presence of a phage cocktail,
represented in Figure 1. 4 h of phage incubation with single or dual-species biofilms were effectively
removed, a 2-fold reduction of biofilm biomass.

Table 1. Data on Optical density values of single and dual species biofilm biomass at 24 h time interval
in presence of respective lytic phage or phage cocktails at 4 h incubation and the biomasses were

tabulated.
S.No. | Bacteria Biofilm at 24h Phage with 4h
1. P. aeruginosa 0.761 +0.031 0.18 £0.016
2. S. aureus 0.856 +0.055 0.205+0.018
3. P. aeruginosa+ S. aureus 0.67 £0.020 0.16 £ 0.020
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Figure 1. Bacteriophage or phage cocktail lytic action on single or dual species biofilm at 4 h of
incubation. Biomass comparison of 24 h old single or dual species biofilms before and after phage or
phage cocktail infections for 4 h of incubation. S. aureus formed the highest biofilm than remaining
setups.

3.2. Determination of Phage or Phage Cocktail Lytic Action on Single or Dual-Species Biofilm by Using SEM
and CLSM

Structural architecture of single or dual-species biofilms of P. aeruginosa and S. aureus were
determined by employing scanning electron and confocal laser scanning electron microscopic
images. Scanning electron microscopic images of single or dual-species biofilms were represented in
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Figure 2. P. aeruginosa (Figure 2A) forms multi-layered complexed biofilm after 24 h of incubation,
whereas S. aureus (Figure 2B) forms less complexed biofilm than the P. aeruginosa. In the case of dual-
species biofilm (Figure 2C), i.e., a combinational biofilm of P. aeruginosa and S. aureus formed a single-
layered structure even after 24 h of incubation at 37°C. Dual species biofilm is initiated with the same
concentration (10° CFU/mL) of these bacteria, even though a more significant number of P. aeruginosa
were found than S. aureus when observed with SEM; this study proved that P. aeruginosa inhibits S.
aureus proliferation in dual-species biofilms. Exoproducts of P. aeruginosa cause toxic effects on S.
aureus leading to a lower population density. These bacteria' polysaccharide matrixes help prevent
antibiotic regime action in biological conditions. Incubation with phage and phage cocktail for four
h showed reduced biomass and biofilm of bacteria in both single and dual-species biofilm
combinations. Biofilm inhibitory action of phage or phage cocktail was shown in Figure 2. where
Figure 2A1, phage (vB_PAnP_PADP4) treatment with four h of incubation, showed a trace amount
of biomass and deformed rod-shaped bacteria; Phage vB_SAnS_SADP1 destructed the biofilm
integrity, and single coccus was noticed with limited biofilm matrix (Figure 2B1). Dual species biofilm
is treated with a phage cocktail consisting of phages vB_SAnS_SADP1 + vB_PAnP_PADP4 showed
excellent lytic action against their host bacteria were represented in Figure 2CI1. Interspecies
competition between this gram-positive and gram-negative bacterium leads to forming a single-
layered biofilm. The phage cocktail effectively destroyed the formed biofilm within four h of
incubation at 37°C.
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Figure 2. SEM images of 4 h phage or phage cocktail treated single or dual species biofilms of MDR-
bacterial isolates on the cover slip at 24 h of incubation. (A) P. aeruginosa (Al) Treated phage
vB_PAnP_PADP4); (B) S. aureus (B1) Treated with phage vB_SAnS_SADP1), (C) S. aureus with P.
aeruginosa, (C1) Treated with phage cocktail (phagevB_SAnS_SADP1+vB_PAnP_PADP4).

3.3. Phage or Phage Cocktail Lytic Action on Single or Dual-Species Biofilm by Using CLSM

Confocal laser scanning electron microscopic images of phage or phage cocktail on single or
dual-species biofilms were represented in Figure 3. where Figure 3A, B, and C represented 24 h old
native biofilm formed (Control) on a coverslip were appeared in green color (stained with Syto®9)
by P. aeruginosa, S. aureus and Combinational biofilm of these two bacteria respectively. The
appearance of green color in controls, due to nucleic acid dye, i.e., Syto®9, its stain only live bacterial
cells. Single species formed densely packed biofilms than the dual-species biofilm. After treatment
with respective phage or phage cocktails against single or dual biofilms were represented in Figure
3A1, B1l, C1 (Test). Propidium iodide (PI) stains nucleic acid of dead cells. Red-colored spots
illustrated in Figure 3A1, B1, and C1 are because by dead bacterial cells. This is because of the
bacteriolytic action of the phage and phage cocktail.

Figure 3. Confocal laser scanning microscopic analysis of lytic phages or phage cocktail on single or
dual species biofilms. The biofilms of P.aeruginosa, S. aureus were stained with SYTO ® 9 (green colour
indicates live cells) and propidium iodide (Red colour indicates dead cells); A, B, C biofilms were
treated with only SM buffer and Al, Bland Cl1 treated with phage vB_PAnP_PADP4,
vB_SAnS_SADPland combination of these two phages; (Scale bars represented 20 um-100 pum).
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Our observational studies of SEM and CLSM disclosed that single-species bacteria could form
densely packed biofilms, whereas dual-species biofilms were less dense because of their interspecies
competition. Phage or phage cocktails effectively lyse the biofilms and provide a path for therapeutic
applications of phages as antibiofilm agents. Generally, antibiotics cannot penetrate the biofilms
because of the polysaccharide matrix, but phage progeny disturbs the matrix and lyse the bacteria.
This is one of the premier advantages of phages and renewed interest as alternatives to antibiotics
soon. The phages which are isolated and employed against to both single and dual species is
belonging to Myoviridae family (Contractile tails were observed under TEM studies (Figure 4).

Figure 4. Phages are negatively stained with the 0.5% Uranyl acetate and visualized with scale bars
represented A. vB_PAnP_PADP4 (0.2um), B. vB_SAnS_SADP1 (0.2um) at 80,000 X magnification
with transmission electron microscopy.

4. Discussion

Biofilms are formed by the aggregation of prokaryotic or eukaryotic cells, surrounded by a
matrix of extracellular polymeric substances (EPS), consisting of long polysaccharide chains, DNA,
and biological macromolecules. Biofilm formation is one of the essential characteristic features of
pathogenic bacteria and a dangerous threat to human healthcare. The bacteria encased in a
polysaccharide matrix form complex multicellular structure and are more resistant to antimicrobial
agents than planktonic cells. It's complicated to destroy multi-drug resistant bacteria if it forms
biofilms or is encased in biofilms. So, therefore an urgent need to find alternative strategies to combat
biofilm-forming bacteria. In this scenario, phage-based antimicrobials are becoming a promising
alternative to treat biofilms of pathogenic bacterial infections. Phages can lyse the bacterial biofilm
by producing lytic enzymes. A single dose of phage administration is efficient to lyse entire bacterial
communities.

Biofilms are thought to underlie much of the resistance reported to antibiotics. As an outline of
the life cycles of bacterial biofilms, it is exemplified that P. aeruginosa is a motile bacterium that can
produce more complex biofilms than the non-motile except S. aureus, which forms extensive biofilms.
Bacterial communities in the extracellular matrix showed special features that deviated from the
planktonic bacterial cells, such as a) Intercellular signals between the community (Quorum sensing)
usually regulate the maturation and detachment of the biofilms to objects. b) Activation of secondary
messengers, which plays a role in forming biofilms, flagellar movements, and production of
extracellular polysaccharides. c) bap protein 12 plays a role in the matrix formation with the help of
matrix scaffold proteins and creates a suitable environment for the bacteria to live in the biofilm
[9,27,28]. The formation of biofilms depends on the many internal and external factors such as moist
surfaces, energy sources on the site of the wound, type of bacterial association, availability of
receptors for the bacterial attachment, temperature, and pH (J. Liu et al. 2020; Peng et al. 2020).

Most of the studies reported that predominant bacterial isolates of septic wound infections are
Pseudomonas aeruginosa, staphylococcus aureus, Klebsiella pneumoniae, Escherichia coli,
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Streptococcus pyogenes, Acinetobacter spp, Citrobacter, Proteus, and Enterobacter which are almost
multi-drug resistant and biofilm-forming bacterial isolates [31-33]; consistent with our study.
Pseudomonas aeruginosa and Staphylococcus aureus are opportunistic pathogens commonly
associated with polymicrobial diseases. These bacteria form the biofilms and contribute to increased
tolerance to antibiotics. Alarming levels of drug resistance and biofilm-forming capabilities lead to
the search for alternative strategies. Phage and phage cocktails have shown promising antibiofilm
activity due to their mode of action. In this study, 24 h old mono and dual-species biofilms were
treated with phages (vB_SAnS_SADP1, vB_PAnP_PADP4), for four h alone and in combinations.
Within four h of incubation, both single and dual-species biofilms were eradicated; this study is
consistent with a study reported by Ergun Akturk et al., 2019, where single or dual-species biofilms
were reduced by employing both phages and various antibiotic combinations at six h of incubation
[34].

Dual species biofilms of Pseudomonas aeruginosa and Staphylococcus aureus are less densely
arranged than single-species biofilms; this loose arrangement of biofilm is because of an inhibitory
effect of these two species due to their inter-species competition. Our Scanning electron microscopic
graphs clearly show the arrangement of bacterial biofilms in single and dual-species biofilms. Our
observations were consistent with other reports [35,36]. Mixed species biofilms are easily treated
using phage or cocktails [37]. Phage cocktail effectively lysed the dual-species biofilm of Pseudomonas
aeruginosa and Staphylococcus aureus and was shown in Figure 2C and C1 after four h of incubation.
Our study proved that only phage or phage cocktails are sufficient to remove single or dual-species
biofilms; our study is consistent with other research by Tkhilaishvili et al., 2020 reported that dual-
species biofilms of Pseudomonas aeruginosa and MRSA-Staphylococcus aureus were killed by phage or
phage cocktail.

In contrast, Ciprofloxacin is active against only the planktonic stage, but biofilms were
eradicated at high concentrations ranging from 256 to 512 mg/L [38]. Ana Catarina Duarte et al. 2021
reported that 24 h old biofilms were treated with protein CHAPSH3b and phage phiLPLA-RODI
alone and in combination; after incubation, the biofilm thickness was reduced in combinational
treatment, and results were visualized by employing confocal microscopy. The biofilm showed a
higher number of dead or compromised cells, which appeared red in colour due to staining with
propidium iodide, and live cells appeared in green color, consistent with our reports. This study
proved that combinational therapy plays a vital role in eradicating S. aureus biofilms [10].

5. Conclusions

Alarming level of multidrug resistance and biofilm formation in bacteria has becoming the
sweltering problem for the human health care systems. The use of bacteriophages or phage cocktails
in treating against various bacterial pathogens is increasing because of their potential action against
bacteria irrespective of their multi-drug resistance. The isolated phages and phage cocktails showed
the excellent lytic activity towards single or dual species biofilms. Inter-species competition promotes
the phage activity against biofilms.
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