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Abstract 

Bacterial adhesion is a threshold event in the formation of biofilms which leads to serious 

bacterial diseases. This shows that the underlining the problem is interesting and need to solve 

the problem of biofilm-related complications. To support this, in the present study, we first time 

initiated to understand the role of methicillin-resistant Staphylococcus aureus (MRSA) biofilm 
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using previously developed benzodioxane midst piperazine decorated chitosan silver 

nanoparticles (BP*C@AgNPs). The BP*C@AgNPs studied for antimicrobial, anti-biofilm, 

biofilm adherence inhibition, the role of ions in biofilm, and an antibiotic cocktail in the 

treatment of biofilm was assessed. The results showed that, the significant biocidal role of 

BP*C@AgNPs in controlling the MRSA biofilm and interaction of biofilm protein to calcium 

ions were significantly decreased. This confirms that calcium ion involved in the biofilm 

formation and for the treatment of BP*C@AgNPs, cocktail of enzyme and antibiotic have the 

promising therapeutic value was observed. In future the locking of biofilm protein and its 

expression in presence of calcium ion was interesting, and greater application related to biofilm 

infection was warrantable.    

Keywords: Staphylococcus aureus; Biofilm; Cocktail, Eradication 

1. Introduction 

 Staphylococcus aureus is one of the important human pathogen causes numerous mild 

illnesses (Skin infection) to life-threatening diseases [1, 2]. An infectious agent transferred from 

various routes includes contaminated food, person to person, accidental blood transfer and 

majorly bacterial colonization on medical devices by the formation of biofilm. There are many 

wide ranges of medical associated devices such as endotracheal tubes, cardiac pacemakers, 

mechanical heart valves, orthopedic prostheses, dialysis tubes, penile prostheses and more, are 

not hygienically protected and thus lead to nidus for S. aureus and S. epidermis infections. This 

primarily affects the immune-compromised patients, leads to malfunctioning of the devices and 

biofilms have been implicated include common problems such as urinary tract infections, 

bacterial vaginosis, gingivitis, catheter infections, formation of dental plaque, and more lethal 

processes such as endocarditis, infections in cystic fibrosis, and infections of permanent 
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indwelling devices such as joint prostheses and heart valves [3-6]. The immune-compromised 

patients explored that, blood stream (80%) and urinary infections (90%) are originated by 

bacterial colonization on vascular and urinary catheter respectively [7].  

Biofilm is the thick extracellular polysaccharide produced by the S. aureus to protect 

them self, as well as escape from the immune defense machinery. Biofilms constitute of non-

transient microbial cells attached to the surface and embedded within the self-synthesized 

extracellular polymeric matrix for growth as multicellular aggregates against various 

environmental stresses [8]. Biofilm-associated protein (Bap) is multi-domain, cell surface-

anchored protein and plays a major role in S. aureus biofilm development. This protein has been 

reported to have four potential Ca2+ binding EF-hand motifs with >80% homology with the 

consensus sequence of the EF-hand motif (prosite accession no. PS00018) [9]. This Ca2+ ion is a 

well-known intracellular second messenger that controls many vital processes, and there is 

increasing evidence that it is an extracellular first messenger in complex organisms. Several of 

the staphylococcal surface adhesins bind Ca2+, ClfA (clumping factor A) of S. aureus, which 

promotes binding to fibrinogen and fibrin, has a Ca2+-binding EF-hand-like motif in the 

fibrinogen-binding domain [10]. Bap in S. aureus biofilm development was so significant, even 

though ica operon was disrupted. In S. aureus, cell adhesion and biofilm formation depends on 

the synthesis of polysaccharide intercellular adhesion (PIA) molecule, which is coded by ica 

operon comprises icaADBC gene cluster [11-13].  

The tissue engineering and biomedical devices related products are already at $180 

billion per year worldwide and still industry continue to suffer from microbial colonization. No 

matter the sophistication, microbial biofilm can develop on all medical devices and implanted 

devices leading to 60-70% of nosocomial or hospital acquired infections. This leads to 2 million 
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cases in U.S., costing the health care system and if an infection develops a biofilm, it becomes 

even harder to treat. As the bacteria change, they become more resistant to antibiotics and the 

body’s own host defenses [14]. In food processing and medical devices such as stainless steel 

surfaces and utensils are common sites for bacterial adhesion. The mature S. aureus biofilm is 

not efficiently removed by some sanitizers in food processing environment, such as sodium 

hypochlorite and peracetic acid due to toxic residues of sanitizers’ inturn decreased their use in 

natural, industrial and hospital settings [15, 16].  

 Proteinase K is one of the highly reactive serine protease, stable at many conditions and 

high concentration (1 mg mL-1) used for biofilm disassembly, which may lead to increased cost 

of treatment [11]. Thus, there is a challenging gap present to search and develop proteinase K-

like an agent for biofilm dispersal by targeting Bap may be a promising approach to control 

staphylococci infections. Controlling of S. aureus is very difficult due to biofilm forming 

property made up of thick proteins, DNA, and polymeric exopolysaccharides that shield many 

devices sequentially leading to dangerous infections by preventing drugs to access the bacterium 

and get resistance to a many commonly used antibiotics. In this context, there is a need of active 

agents to control the synthesis of biofilm linked to adherence factors of bacteria. According to 

established reports, application of antimicrobial agent’s ciprofloxacin and silver as surface 

modifiers or coatings efficiently reducing the bacterial colonization and biofilm development and 

device-associated infections [17]. Nowadays, nanotechnology became a most popular trusty area 

of research and sets its root by playing a major role in agrochemical, pharmaceutical, medicine 

and biotechnological industries. Safety and cost concern, the synthetic process for development 

of noble nanoparticles (NPs) replaced by green synthesis or by eco-friendly natural active agents 
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for synthesis of nanoscale therapeutic NPs is a challenging because there are safe in their 

synthetic process.  

 In the present investigation, we used an active antibacterial benzodioxane midst 

piperazine which is previously reported from the group to development of biocompatible 

benzodioxane midst piperazine decorated decorated chitosan silver nanoparticles 

(BP*C@AgNPs) against human pathogens. In this study for the first time as a nano nontoxic 

drug efficacy was used to study adherence inhibitory mechanism of Bap positive  

S. aureus (MRSA) using glass and polystyrene as surface models in the present research.  

2. Materials and methods 

2.1. Chemicals and reagents 

 Mueller-Hinton agar and broth were purchased from Hi-Media (Bangalore, India), Tris-

buffer, HCl, and chloroform was obtained from Merck-Millipore. Polystyrene plates and tissue 

culture cell imaging dishes obtained from Thermo Scientific and Eppendorf, India respectively. 

Millipore water was used in all the experiments. All other reagents used in this study were 

analytical grade. 

2.2. Benzodioxane midst piperazine decorated decorated chitosan silver nanoparticles 

(BP*C@AgNPs) 

 The experimental procedure briefly, 0.5 g of chitosan was dissolved in 2% acetic acid 

solution, also 0.5 g of silver nitrate in deionized water was prepared. Exactly above 5 mL 

chitosan and silver nitrate solution were mixed in the boiling tube then kept in an autoclave at 15 

psi pressure, at 120 oC for 1 h. The resulting cleared yellow solution was mixed with 0.5 g of 
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benzodioxane midst piperazine (BP) and sonicated for 3 h at room temperature. The resulting 

muddy brown colored solution indicates the formation of benzodioxane midst piperazine 

decorated decorated chitosan silver nanoparticles (BP*C@AgNPs) [18]. 

2.3. Characterization of BP*C@AgNPs 

 Prepared BP*C@AgNPs were vacuum dried to obtain fine powder to study size, shape, 

crystallinity and elemental analysis. BP*C@AgNPs were subjected to scanning electron 

microscope (SEM) for size, X-ray diffraction (XRD) for determination of phase purity, Fourier 

transform infrared (FT-IR) spectroscopy to study bonding pattern of NPs acquired between 600 

to 4000 cm-1. The size, distribution and surface charge of BP*C@AgNPs were studied through 

dynamic light scattering (DLS) and zeta potential analysis [18]. 

2.4. In-vitro antimicrobial efficacy of BP*C@AgNPs 

2.4.1. Disc diffusion assay 

 The MRSA strain was subjected to agar dilution method according to Manukumar et al. 

[19] to deduce the BP*C@AgNPs minimum inhibitory concentration (MIC) using bacterial 

strain Staphylococcus aureus (96) received from Microbial Typing Culture Collection (MTCC), 

Chandigarh, India, as a positive control. The bacterial suspension was prepared from the 

overnight culture and 1x106 CFU/mL cells were spread on to Mueller-Hinton agar, then sterile 

discs (3 mm) were placed, to which 5 µL of different serial dilutions of BP*C@AgNPs were 

added. Control was performed without any test sample and incubated at 37 oC for 24 h to 

examine zone of inhibition. Assay performed in triplicates and repeated thrice.      
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2.5. Release of cellular material 

 Effect of BP*C@AgNPs was analyzed by measuring cellular material (DNA) from 

MRSA according to the protocol of Manukumar et al. [20]. The experiment was carried out by 

inoculating log phase culture into 0.1% sterile peptone water and without samples as a control. 

After incubation at 37 oC (for 0, 30, 60, and 120 min), 1 mL of broth was transferred to an 

Eppendorf tube, centrifuged at 3,500 rpm and supernatant was measured at 260 nm using a 

spectrophotometer. Results were expressed in the form of optical density for the sample 

collected from different time interval incubated samples. Assay performed in triplicates and 

repeated thrice. The final amount of material released was recorded by subtracting the OD values 

obtained from cells without treatment and was compared with values of 0.1% Triton X-100 

treatment (positive control) to get material released percentage. 

2.6. Action of BP*C@AgNPs on production of MRSA biofilm  

2.6.1. Inoculum preparation 

 The MRSA was grown in MHAB at 35 °C for 18–20 h and cells were harvested by 

centrifuging at 5000 rpm for 8 min at 4 °C. Wash cells thrice in sterile saline solution and re-

suspend pelleted cells in sterile saline solution. Cell density adjusted to an optical density at 600 

nm (OD600) of 0.1 using a UV-visible spectrophotometer and viable counts of approximately 6 

log CFU/mL.   

2.6.2. Quantitative determination of biofilm production 

 The quantitative test was performed for determination of biofilm production using 

microtiter plate method (MtP). The experiment was set according to Manukumar et al. [21] with 

slight modifications, 20 µL aliquots of cell suspension was inoculated into each one of six-well 
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polystyrene microtiter plate containing 180 µL of trypticase soy broth (TSB) supplemented with 

glucose (10 g/100 mL). MtP was covered and incubated at a static condition of 37 °C for 18 h 

aerobically to favors greater adherence of MRSA. After each well was washed thrice with a 

sterile saline solution then cells were fixed with 150 µL of methanol for 20 min and dry the MtP 

at room temperature. The cells were stained with crystal violet (0.5%) for 15 min then discard 

the contents and wash thrice with 200 µL of saline solution. Dry the MtP, using 150 µL of 95% 

ethanol dye bound to the cells was eluted for 30 min and the absorbance at 490 nm was 

determined using microplate spectrophotometer. To quantify the intensity of biofilm, the mean 

OD was compared to the OD of negative control (only TSB medium) plus three times its 

standard deviation.  Assay performed in triplicates and repeated thrice.       

2.6.3. Bacterial cell microscopy 

 The scanning electron microscopy (SEM) carried out to study MRSA membrane damage 

and antibiofilm property by treating 1 mg/mL concentration of BP*C@AgNPs for 2 h, then cells 

were pelleted by centrifugation (10,000 rpm for 5 min) at 4 oC. Cells were fixed by using 

glutaraldehyde (2.5%) in PBS, pelleted and deposited on glass slide followed by stepwise 

treatment of 30% to 100% ethanol drying. After, 2 days drying under room temperature used for 

SEM analysis [22, 23].    

2.7. Eradication of MRSA on glass surface  

 The overnight grown culture of MRSA was collected and washed 3 times with PBS by 

centrifugation at 1500 × g for 10 min. 250  µL of 0.4 OD600 culture was filled to form a biofilm 

on glass surface overnight. After 24 h, the supernatant of the dish was discarded. Each dish was 

washed 3 times with PBS to remove loosely bound cells and added different doses of 
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BP*C@AgNPs then washed with PBS thrice. The cells were stained with crystal violet, eluted 

and the absorbance at 490 nm was determined using microplate spectrophotometer [20, 23].  

2.8. Proteinase K preparation 

The enzyme proteinase K was purchased from Sigma-Aldrich (St Louis, MO, USA), 

which had specific activity of 30 units mg¯1, where one unit is defined as the amount of enzyme 

needed to hydrolyse urea-denatured haemoglobin to produce colour equivalent to 1.0 mM of 

tyrosine per min at pH 7.5 at 37 oC (colour reaction by Folin-Ciocalteu reagent). The working 

concentration of proteinase K was chosen as 2 mgml¯
1 in most of the experiments. To inactivate 

the proteinase K after the prescribed experimental time, 2 mM of freshly prepared phenyl methyl 

sulphonyl fluoride (PMSF) was added. 

2.9. Early adhesion assay 

Overnight grown cultures in TSB supplemented with 0.25% glucose (TSB-glu) were 

diluted 1:40 in sterile TSB medium and mild proteinase K treatment (2 mg mL¯1) was given to 

the cells, to cleave and remove all surface proteins according to Shrestha et al. [24] with slight 

modifications. Then, the proteinase K-treated cells were added to 96-well microtitre plates. 

Untreated MRSA cells were used as a control. To evaluate the role of surface protein in initial 

adhesion, post proteinase K-treated cells (proteinase K was inactivated by addition of PMSF) 

were allowed to adhere for different time intervals that are 0, 1, 2 and 3 h at 37 oC, to aid in 

surface protein-mediated adherence. Adherence of cells was measured by crystal violet assay as 

described earlier. 
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2.10. Response of Bap domain at ionic, antibiotics and BP*C@AgNPs environment  

 The overnight grown culture in TSB-glu was incubated with different concentrations of 

calcium chloride, EDTA, EGTA, BP*C@AgNPs and antibiotics (Gentamycin, Ciprofloxacin 

and Amoxyclav) overnight at 37 oC to know surface protein-mediated adherence effect, then 

adherence of cells was measured by crystal violet assay as described earlier. 

2.11. Intercellular adhesion in liquid media  

 The assay was conducted with slight modification according to Heilmann et al. [25] in 5 

ml tubes containing TSB-glucose supplemented with the appropriate concentrations of CaCl2, 

EGTA or EDTA were inoculated with a fresh colony of MRSA strain and incubated for 24 h at 

37 °C in a shaker at 200 rpm. The optical density at 600 nm (OD600) of an aliquot taken from the 

bulk of the culture was determined before and after vigorous vortexing of the tube; the aliquots 

were diluted as required to obtain OD600 values that were less than 0.3. The measured optical 

density values were corrected for the dilution factor and volume proportion. The percentage of 

suspended cells in each tube was calculated from the ratio of the corrected OD600 values obtained 

for the culture before and after vortexing. The experiments were repeated at least three times. 

2.12. Statistical analysis 

The data represented here are the mean±SD from at least 3 independent experiments. Statistical 

significances were analyzed using two-tailed Student’s t-test. 
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3. Results and discussion 

3.1. Synthesis and characterization of BP*C@AgNPs 

 The scheme for synthesis of novel benzodioxane midst piperazine (BP) compound was 

presented here. The BP*C@AgNPs was synthesized previously by reducing AgNO3 by water 

soluble chitosan and then loaded antimicrobial agent BP. The UV-vis spectrum controls the 

formation of BP*C@AgNPs and mean while changing the color of reaction was observed 

visibly. The synthesized BP*C@AgNPs showed maximum absorbance at 470 nm indicates the 

reduction and formation of nanoparticles (NPs) having a Z average diameter of 36.6 nm, 

spherical and monodispersive in nature. This FT-IR analysis showing binding of chitosan (key 

peaks include the primary and secondary alcohols, amines and amides) and decorated BP 

functional groups showed interaction with silver. The co-ordination between silver and electron-

rich groups such as those groups containing oxygen/nitrogen helps in the formation of stabilized 

Ag cluster. The XRD pattern of BP*C@AgNPs shows the nature of shape and EDS confirmed 

the presence of Ag in the NPs (Fig. 1) [18].     

 

Scheme for the synthesis of compound BP 
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Figure 1: Characterization of synthesized BP*C@AgNPs. The ‘a’ depicts SEM, ‘b’ DLS, ‘c’ 

XRD,‘d’ EDS, and ‘e’ FT-IR. 

3.2. Antibacterial activity: Zone of inhibition (ZOI) 

 The well diffusion method was studied by loading different concentration of synthesized 

BP*C@AgNPs to plate containing Bap positive methicillin-resistant Staphylococcus aureus 

(Bap-MRSA) and showed dose dependent bacterial inhibition compared to negative control. As 

expected, the BP*C@AgNPs exhibited considerable inhibition zone against Bap-MRSA (Fig. 2) 

[18]. The growth analysis exhibited the MIC of 100 µg/mL for BP*C@AgNPs and strong 

inhibition of Bap-MRSA was found at 150 min. The effective inhibition observed was dependent 

on particle size, shape and importantly capping and loaded agent has an important role in 
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verifying bactericidal activity of silver nanoparticles. This result was compared to the standard 

antibiotic in the previous report. Hence, the active agent BP decorated against Bap-MRSA has 

advantage over other chemically produced nanoparticles [26-29].  

 

Figure 2: Antibacterial activity of BP*C@AgNPs against Bap-MRSA. 

3.3. Cellular content leakage 

 The bacterial cells are metabolically highly active and cytoplasmic membrane is very 

delicate in nature. Thus, any active molecule having potential interaction with the cytoplasmic 

membrane leads to damage in membrane anatomical structure and release of potassium ions, 

DNA and other cellular materials. The treatment of BP*C@AgNPs in at the concentration of 

MIC induced a different degree of membrane damage with time was determined. The 

cytoplasmic membrane of Bap-MRSA was effectively disintegrated upon interaction of 

BP*C@AgNPs by forming pore on the cell membrane in a dose dependent manner and achieved 
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average damage at the concentration of 200 and 500 µg/ml at 150 min compared to positive 

control 0.1% Triton X-100 (Fig. 3). The Gram-positive Bap-MRSA do not contain a pore on its 

cell surface and any stress or damage leads to a destruction or formation of pore on the cell 

surface inturn leakage of cellular materials such as protein, nucleic acids and lipid [20].   

 

Figure 3: Cellular content release analysis to show the membrane pore formation by 

BP*C@AgNPs. 

3.4. Bap-MRSA adhesion   

 The six-well polystyrene microtiter plate was examined for bacterial adherence using 

crystal violet method and showed BP*C@AgNPs efficiently inhibited the growth of the bacteria.  

As dose increased (50 to 500 µg/ml concentration), the inhibition is also elevated by supporting 

to BP*C@AgNPs. The promising action of BP*C@AgNPs was representing at lower dose of 

100 µg/ml concentration compared to positive control (Fig. 4A). The percentage of inhibition of 

biofilm at 52.60% and 73.79% at 200 and 500 µg/mL concentrations respectively compared to 
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positive control. There are many proteins reported in Staphylococcal infection and development 

of a biofilm. The biofilm was composed of macromolecules such as exopolysaccharides, 

proteins, and DNA.  

 

Figure 4: Effect of BP*C@AgNPs in adhesion of MRSA. The ‘A’ indicates the quantitative 

and ‘B’ shows qualitative representation of biofilm formation. 

The important exopolysaccharides is a polymer of poly-N-acetyl-β-(1-6)-glucosamine, 

called as polysaccharide intercellular adhesin (PIA) or poly-N-acetylglucosamine (PNAG). 

Which is depends on synthesized enzymes encoded by the icaADBC operon. Even though 

PIA/PNAG part of biofilm matrix, it is not important but existence of proteins takes 

responsibility for mediating cell to cell interaction by forming biofilm and multicellular 

behavior. Bap is one of large cell-wall associated proteins used to mediate intial attachment to 

abiotic surfaces and intercellular adhesion [30, 31]. There is report on Bap has only been 

described in mastitis-derived staphylococci but here we strongly reporting Bap-MRSA for the 
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first time and used as a model organism and the inhibition at minimum concentration of 

BP*C@AgNPs was considered further experiments.  

3.5. Eradication of biofilm by BP*C@AgNPs 

The formation of the Bap-MRSA biofilm on inert solid surfaces was clearly observed (Fig. 

4B). In the present study assessed a biofilm formed on the tested surfaces by crystal violet 

method and results showed that, maximum eradication of biofilm by  BP*C@AgNPs observed at 

the concentration of 500 µg/mL with an inhibition rate of 50.36% on cover slip compared to 

positive control (Fig. 5A). The subsequent application of BP*C@AgNPs at different 

concentrations represents statistically significant and consistency effect of BP*C@AgNPs on 

eradicating the Bap-MRSA on cover slip (Fig. 5B). The biofilms are resistant material to host 

defense machineries, antibiotic treatment and inturn cause biofilm related complications leading 

to increased mortality in the globe [9]. The SEM image showing clumping of bacteria due to 

interaction of bacterial Bap (control) and after treatment of 200 µg/mL of BP*C@AgNPs 

overnight inhibited a bacterial Bap interact each other effectively (Fig. 5B).   

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

17 
 

 
Figure 5: The MRSA Biofilm eradication efficacy and biofilm inhibition confirmed by 

SEM. 

 
3.6. Effect of Ca2+ - BP*C@AgNPs on biofilm and clumping of Bap-MRSA 

 The used motif search at prosite for amino acid sequence of Bap and PS00018 definition 

surprisingly revealed the presence of four potential calcium binding sites in Bap sequence with 

similarity of ≥80% containing loop of consensus EF-hand motif [32]. The addition of Ca2+ to 
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TSB medium (already having 7.36±0.8 mM of Ca2+ intrinsic concentration) might be complex 

intraction of Ca2+ with essential nutrients or which might be helps in biofilm formation [33]. To 

reveal this possibility, minimal medium was used to observe the influence of Ca2+, EGTA, 

EDTA and BP*C@AgNPs on biofilm formation of Bap-MRSA. The figure 6A shows that, 

week biofilm forming property after 10 mM concentration of Ca2+.  At the 10 mM Ca2+ 

concentration shows distinguishing phenotypic action of Bap-MRSA on biofilm does not altering 

the growth of planktonic cell growth (Fig. 6B). The influence of tested EGTA, EDTA and 

BP*C@AgNPs showed different effects on clumping of bacterial cells. The EDTA at the 

concentration 25 mM showed clear solution compared to EGTA, BP*C@AgNPs at 50 mM and 

500 µg/ml concentrations respectively (Fig. 6A&B). This indicates chelating action may also 

influence the intercellular interaction and biofilm formation [34]. 

 

Figure 6: Effect of different effectors on MRSA biofilm and comparative role of proteinase 

K and BP*C@AgNPs. 
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3.7.  Interaction of BP*C@AgNPs on Bap mediated biofilm and zero effect of Ca2+ binding 

EF-hand domains 

 To reveal the action of BP*C@AgNPs on Bap-MRSA biofilm, comparison study carried 

out with proteinase K on biofilm and showed effective inhibition of biofilm growth was 

observed (Fig. 6C). The inhibited hampering the early adhesion of Bap-MRSA to micortitre 

plate and active adherence property was restored after addition of PMSF was elucidated for 

BP*C@AgNPs with comparison to proteinase K. The BP*C@AgNPs treated adherence property 

of Bap-MRSA increased with time as compared to the proteinase K and significant results 

obtained compared to untreated PMSF cells (Fig. 7A&B).  

 

Figure 7: Role and interaction of BP*C@AgNPs in presence and absence of proteinase K 

and Ca2+ in MRSA biofilm. 
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We evaluated whether Ca2+ binding to Bap confer resistance to BP*C@AgNPs mediated 

degradation of biofilm, experiment significantly showed inhibition of biofilm formation of Bap-

MRSA. To correlate the Bap degradation, proteinase K and BP*C@AgNPs were treated in the 

presence of Ca2+ (10 mM) and demonstrated, even Ca2+ binding to Bap do not confer the 

protection against Bap by BP*C@AgNPs (Fig. 7C). 

3.8. Dispersive property of BP*C@AgNPs and efficacy of antibiotic cocktail against on 

Bap-MRSA biofilm 

To understand the role of BP*C@AgNPs on Bap proteins, different concentration were 

tested for matured biofilm of MRSA and showed 49.46 % biofilm dispersal at the concentration 

of 200 µg/ml and highest dispersal property 62.97 % obtained at 500 µg/mL. In the other hand 

proteinase K clearly shows that increased concentration never achieved the significant biofilm 

dispersal action (Fig. 8). By addressing this approach is economical, the BP*C@AgNPs gained 

an attention to use in place of proteinase K was pointouted. The important four extracellular 

enzymes such as two cysteine proteases (scpA and sspB), metalloprotease aureolysin, (aur) and 

seven serine proteases secreted by S. aureus [35]. Even though these enzymes play an important 

role in biofilm detachment, their exact role is still unknown. Among these, serine protease 

showed dominant role in biofilm detachment [36, 37]. The antibiotics (Amoxyclav, Amphicillin, 

Chloramphenicol, Ciprofloxacin, Gentamicin, Kanamycin, Linezolid, Oxacillin, Rifampicin, 

Streptomycin and Tetracycline) efficacy increased significantly when the biofilm was treated 

with MIC of BP*C@AgNPs. The combination effect showed more impact against MRSA 

compared to antibiotics alone. The dose of antibiotics increased 5 times and observed only 

20±2% reduction in the biofilm formation. Consistently on the other hand cocktail increased 
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average of 25±1% in biofilm reduction. The study strongly denotes BP*C@AgNPs acting as 

anti-biofilm agent and can be used for dispersion of biofilm [33].  

 

Figure 8: Understanding the dispersive property and cocktail effect of BP*C@AgNPs 

against MRSA biofilm formation. 

The established fact says that, biofilm is extremely resistant to antibiotics compared to 

planktonic cells [38]. It is due to physical or genetical background influence the enhancing the 

biofilm to resist antibiotics. Assessed synergestic effect of BP*C@AgNPs-antibiotic mediated 

killing indicates cells in biofilm exposed to bulk liquid inturn dissolve antimicrobial agents. 

Generally, biofilm limiting the antibiotics to diffuse thereby reduce its efficacy [39, 40]. 
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Potentially BP*C@AgNPs enables antibiotic to penetrate deep into biofilm by maximizing 

diffusion distance and killing the cells efficiently. Numerous reports have been addressed to 

neutralize or detect the expelled toxins of pathogens [41, 42]. Number of natural sources having 

rich phytochemical with antioxidant property, and other chemical compounds synthesized were 

help full in the control of microbial and other diseases, was also reported and expect to the future 

healthy life [43-60]. In this regard, utilization of the natural source with less toxic nature to 

management of the pathogenesis in the host is the best way in medicine can be hypothesized.       

4. Conclusion 

With these present investigations, we conclude MRSA adhesion is one of the key players 

in the cause of clinically related infections which leads to dangerous diseases. The previously 

developed nanoparticle (BP*C@AgNP) was used to study the further role in controlling 

notorious pathogen MRSA biofilm. The study highlights the interaction of biofilm protein with 

calcium ion in a dose dependent manner was underlined by nanoparticle approach and pointed 

that, the tuning of nanoparticle decoration definitely prove the therapeutic efficacy. In future, the 

role of active molecule and cocktail of potent antibiotic treatment will have the chance to 

overcome the drug resistant MRSA and its burden of public health was warranted.     

Competing financial interests 

The authors declare no competing financial interest. 

Acknowledgments 

The author greatly acknowledges the National Natural Science Foundation of China 

(Grant No. 21772150), Wuhan University of Technology and University of Hajjah, Yemen for 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

23 
 

financial support. We also thank Anand, A. P. for providing reference bacterial strain used in the 

present study and SJCE, Mysore for providing instrumentation facility. 

 

References 

[1] Tran, P. A., & Webster, T. J. (2011). Selenium nanoparticles inhibit Staphylococcus aureus 

growth. International journal of nanomedicine, 6, 1553. 

[2] Manukumar, H. M., & Umesha, S. (2017). MALDI-TOF-MS based identification and 

molecular characterization of food associated methicillin-resistant Staphylococcus 

aureus. Scientific Reports, 7(1), 11414. 

[3] Rogers, A. H. (2008). Molecular Oral Microbiology. Caister Academic Press. pp. 88–

91. ISBN 978-1-904455-24-0. 

[4] Imamura, Y., Chandra, J., Mukherjee, P. K., Lattif, A. A., Szczotka-Flynn, L. B., 

Pearlman, E., ... & Ghannoum, M. A. (2008). Fusarium and Candida albicans biofilms on 

soft contact lenses: model development, influence of lens type, and susceptibility to lens 

care solutions. Antimicrobial Agents and chemotherapy, 52(1), 171-182. 

[5] Lewis, K. (2001). Riddle of biofilm resistance. Antimicrobial agents and 

chemotherapy, 45(4), 999-1007. 

[6] Parsek, M. R., & Singh, P. K. (2003). Bacterial biofilms: an emerging link to disease 

pathogenesis. Annual Reviews in Microbiology, 57(1), 677-701. 

[7] Muder, R. R., Brennen, C., Rihs, J. D., Wagener, M. M., Obman, A., Obman, A., ... & Yu, 

V. L. (2006). Isolation of Staphylococcus aureus from the urinary tract: association of 

isolation with symptomatic urinary tract infection and subsequent staphylococcal 

bacteremia. Clinical infectious diseases, 42(1), 46-50. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

24 
 

[8] Goswami, S. R., Sahareen, T., Singh, M., & Kumar, S. (2015). Role of biogenic silver 

nanoparticles in disruption of cell–cell adhesion in Staphylococcus aureus and Escherichia 

coli biofilm. Journal of Industrial and Engineering Chemistry, 26, 73-80. 

[9] Arrizubieta, M. J., Toledo-Arana, A., Amorena, B., Penadés, J. R., & Lasa, I. (2004). 

Calcium inhibits bap-dependent multicellular behavior in Staphylococcus aureus. Journal 

of bacteriology, 186(22), 7490-7498. 

[10] O’Connell, D. P., Nanavaty, T., McDevitt, D., Gurusiddappa, S., Höök, M., & Foster, T. J. 

(1998). The Fibrinogen-binding MSCRAMM (Clumping Factor) ofStaphylococcus aureus 

Has a Ca2+-dependent Inhibitory Site. Journal of Biological Chemistry, 273(12), 6821-

6829. 

[11] Cucarella, C., Solano, C., Valle, J., Amorena, B., Lasa, Í., & Penadés, J. R. (2001). Bap, a 

Staphylococcus aureus surface protein involved in biofilm formation. Journal of 

bacteriology, 183(9), 2888-2896. 

[12] Tormo, M. A., Knecht, E., Götz, F., Lasa, I., & Penades, J. R. (2005). Bap-dependent 

biofilm formation by pathogenic species of Staphylococcus: evidence of horizontal gene 

transfer?. Microbiology, 151(7), 2465-2475. 

[13] Mirzaee, M., Najar Peerayeh, S., & Ghasemian, A. M. (2014). Detection of icaABCD 

genes and biofilm formation in clinical isolates of methicillin resistant Staphylococcus 

aureus. Iranian Journal of Pathology, 9(4), 257-262. 

[14] Bryers, J. D. (2008). Medical biofilms. Biotechnology and bioengineering, 100(1), 1-18. 

[15] da Silva Meira, Q. G., de Medeiros Barbosa, I., Athayde, A. J. A. A., de Siqueira-Júnior, J. 

P., & de Souza, E. L. (2012). Influence of temperature and surface kind on biofilm 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

25 
 

formation by Staphylococcus aureus from food-contact surfaces and sensitivity to 

sanitizers. Food Control, 25(2), 469-475. 

[16] Souza, E. L. D., Meira, Q. G. S., Barbosa, I. D. M., Athayde, A. J. A. A., Conceição, M. L. 

D., & Siqueira Júnior, J. P. D. (2014). Biofilm formation by Staphylococcus aureus from 

food contact surfaces in a meat-based broth and sensitivity to sanitizers. Brazilian Journal 

of Microbiology, 45(1), 67-75. 

[17] Sonkusre, P., & Cameotra, S. S. (2015). Biogenic selenium nanoparticles inhibit 

Staphylococcus aureus adherence on different surfaces. Colloids and Surfaces B: 

Biointerfaces, 136, 1051-1057. 

[18] Karthik, C. S., Manukumar, H. M., Ananda, A. P., Nagashree, S., Rakesh, K. P., Mallesha, 

L., ... & Krishnamurthy, N. B. (2018). Synthesis of novel benzodioxane midst piperazine 

moiety decorated chitosan silver nanoparticle against biohazard pathogens and as potential 

anti-inflammatory candidate: A molecular docking studies. International journal of 

biological macromolecules, 108, 489-502. 

[19] Manukumar, H. M., Umesha, S., & Kumar, H. N. (2017). Promising biocidal activity of 

thymol loaded chitosan silver nanoparticles (TC@ AgNPs) as anti-infective agents against 

perilous pathogens. International journal of biological macromolecules, 102, 1257-1265. 

[20] Manukumar, H. M., Yashwanth, B., Umesha, S., & Rao, J. V. (2017). Biocidal mechanism 

of green synthesized thyme loaded silver nanoparticles (GTAgNPs) against immune 

evading tricky methicillin-resistant Staphylococcus aureus 090 (MRSA090) at a 

homeostatic environment. Arabian Journal of Chemistry. 

[21] Manukumar, H. M., Chandrasekhar, B., Rakesh, K. P., Ananda, A. P., Nandhini, M., 

Lalitha, P., ... & Umesha, S. (2017). Novel TC@ AgNPs mediated biocidal mechanism 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

26 
 

against biofilm associated methicillin-resistant Staphylococcus aureus (Bap-MRSA) 090, 

cytotoxicity and its molecular docking studies. MedChemComm, 8(12), 2181-2194. 

[22] Rakesh, K. P., Vivek, H. K., Manukumar, H. M., Shantharam, C. S., Bukhari, S. N. A., 

Qin, H. L., & Sridhara, M. B. (2018). Promising bactericidal approach of dihydrazone 

analogues against bio-film forming Gram-negative bacteria and molecular mechanistic 

studies. RSC Advances, 8(10), 5473-5483. 

[23] Manukumar, H. M., & Umesha, S. (2017). Photocrosslinker technology: An antimicrobial 

efficacy of cinnamaldehyde cross-linked low-density polyethylene (Cin-C-LDPE) as a 

novel food wrapper. Food Research International, 102, 144-155. 

[24] Shrestha, L., Kayama, S., Sasaki, M., Kato, F., Hisatsune, J., Tsuruda, K., ... & Sugai, M. 

(2016). Inhibitory effects of antibiofilm compound 1 against Staphylococcus aureus 

biofilms. Microbiology and immunology, 60(3), 148-159. 

[25] Heilmann, C., Schweitzer, O., Gerke, C., Vanittanakom, N., Mack, D., & Götz, F. (1996). 

Molecular basis of intercellular adhesion in the biofilm‐forming Staphylococcus 

epidermidis. Molecular microbiology, 20(5), 1083-1091. 

[26] Kora, A. J., & Sashidhar, R. B. (2015). Antibacterial activity of biogenic silver 

nanoparticles synthesized with gum ghatti and gum olibanum: a comparative study. The 

Journal of antibiotics, 68(2), 88-97. 

[27] Suresh, A. K., Pelletier, D. A., Wang, W., Moon, J. W., Gu, B., Mortensen, N. P., ... & 

Doktycz, M. J. (2010). Silver nanocrystallites: biofabrication using Shewanella oneidensis, 

and an evaluation of their comparative toxicity on gram-negative and gram-positive 

bacteria. Environmental science & technology, 44(13), 5210-5215. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

27 
 

[28] Ruparelia, J. P., Chatterjee, A. K., Duttagupta, S. P. & Mukherji, S. Strain specificity in 

antimicrobial activity of silver and copper nanoparticles. Acta Biomater. 4, 707–716 

(2008). 

[29] Kora, A. J., Manjusha, R., & Arunachalam, J. (2009). Superior bactericidal activity of SDS 

capped silver nanoparticles: synthesis and characterization. Materials Science and 

Engineering: C, 29(7), 2104-2109. 

[30] Vautor, E., Abadie, G., Pont, A., & Thiery, R. (2008). Evaluation of the presence of the 

bap gene in Staphylococcus aureus isolates recovered from human and animals 

species. Veterinary microbiology, 127(3), 407-411. 

[31] Vergara-Irigaray, M., Valle, J., Merino, N., Latasa, C., García, B., de los Mozos, I. R., ... & 

Lasa, I. (2009). Relevant role of fibronectin-binding proteins in Staphylococcus aureus 

biofilm-associated foreign-body infections. Infection and immunity, 77(9), 3978-3991. 

[32] Michiels, J., Xi, C., Verhaert, J., & Vanderleyden, J. (2002). The functions of Ca 2+ in 

bacteria: a role for EF-hand proteins?. Trends in microbiology, 10(2), 87-93. 

[33] Shukla, S. K., & Rao, T. S. (2013). Effect of calcium on Staphylococcus aureus biofilm 

architecture: a confocal laser scanning microscopic study. Colloids and Surfaces B: 

Biointerfaces, 103, 448-454. 

[34] Dawson, R. M. C., D. C. Elliott, W. H. Elliott, and K. M. Jones. 1986. Data for 

biochemical research, 3rd ed. Clarendon Press, Oxford, United Kingdom. 

[35] Dubin, G. (2002). Extracellular proteases of Staphylococcus spp. Biological 

chemistry, 383(7-8), 1075-1086. 

[36] Boles, B. R., & Horswill, A. R. (2008). Agr-mediated dispersal of Staphylococcus aureus 

biofilms. PLoS pathogens, 4(4), e1000052. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

28 
 

[37] Shaw, T., Winston, M., Rupp, C. J., Klapper, I., & Stoodley, P. (2004). Commonality of 

elastic relaxation times in biofilms. Physical review letters, 93(9), 098102. 

[38] Hoyle, B. D., & Costerton, J. W. (1991). Bacterial resistance to antibiotics: the role of 

biofilms. In Progress in Drug Research/Fortschritte der Arzneimittelforschung/Progrès 

des recherches pharmaceutiques (pp. 91-105). Birkhäuser Basel. 

[39] Hoyle, B. D., Alcantara, J. O. E. L., & Costerton, J. W. (1992). Pseudomonas aeruginosa 

biofilm as a diffusion barrier to piperacillin. Antimicrobial agents and 

chemotherapy, 36(9), 2054-2056. 

[40] Singh, R., Ray, P., Das, A., & Sharma, M. (2010). Penetration of antibiotics through 

Staphylococcus aureus and Staphylococcus epidermidis biofilms. Journal of antimicrobial 

chemotherapy, 65(9), 1955-1958. 

[41] Umesha, S., Manukumar, H. M. G., Chandrasekhar, B., Shivakumara, P., Shiva Kumar, J., 

Raghava, S., Avinash, P., Shirin, M., Bharathi, T.R., Rajini, S.B. and Nandhini, M. (2017). 

Aflatoxins and food pathogens: impact of biologically active aflatoxins and their control 

strategies. Journal of the Science of Food and Agriculture, 97(6), 1698-1707. 

[42] Umesha, S., & Manukumar, H. M. (2018). Advanced molecular diagnostic techniques for 

detection of food-borne pathogens: Current applications and future challenges. Critical 

reviews in food science and nutrition, 58(1), 84-104. 

[43] Manu Kumar, H. M., Ananda, A. P., & Vishwanathan, D. (2013). Study of 

Physicochemical parameters and Antioxidant in Honey collected from different locations 

of India. International Journal of Pharmacy & Life Sciences, 4(12). 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

29 
 

[44] Rakesh, K. P., Ramesh, S., Kumar, H. M. M., Chandan, S., & Gowda, D. C. (2015). 

Quinazolinones linked amino acids derivatives as a new class of promising antimicrobial, 

antioxidant and anti-inflammatory agents. European Journal of Chemistry, 6(3), 254-260. 

[45] Manukumar, H. M., Prathima, V. R., Guru, C., & Kurinji, V. (2013). Impact of 

germination time on protein solubility, digestibility and in-vitro antioxidant, anti-

inflammatory activity of sorghum grains. International Journal PharmTech 

Research, 6(1), 117-128. 

[46] Manukumar, H. M., & Shruthi, K. C. (2014). Screening of thrombolytic (Clot-Busting) 

activity from geographically separated two varieties of honey from india: an in-vitro 

approach. World J Pharm Pharm Sci, 3, 1428-39. 

[47] Manukumar, H. M., & Madhu, C. S. (2013). Comparative evaluation of technique 

efficiency on antioxidant activity of red gram (Cajanus cajan) seed coat extracts. Int. J. 

Rec. Sci. Res, 4(9), 1395-1399. 

[48] Manukumar, H. M., Shiva Kumar, J., Chandrasekhar, B., Raghava, S., & Umesha, S. 

(2017). Evidences for diabetes and insulin mimetic activity of medicinal plants: Present 

status and future prospects. Critical reviews in food science and nutrition, 57(12), 2712-

2729. 

[49] Rakesh, K. P., Shantharam, C. S., & Manukumar, H. M. (2016). Synthesis and SAR 

studies of potent H+/K+-ATPase inhibitors of quinazolinone-Schiff’s base 

analogues. Bioorganic chemistry, 68, 1-8. 

[50] Manukumar, H. M., Prathima, V. R., Lokesh, S., Gowtham, G., & Suresha, S. (2014). 

Impact of partial defatting on nutritional, mineral, functional properties and effect of 

solvents to evaluate in-vitro antioxidant, anti-diabetic potentiality from flaxseed (Linum 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

30 
 

usitatissimum) extracts. World Journal of Pharmacy and Pharmaceutical Sciences, 3(6), 

1406-1427. 

[51] Madhu, C. S., Manukuamr, H. M., Thribhuvan, K. R., & Patil, B. R. (2014). 

Phytochemical, nutritional and mineral constituents of Illicium Verm hook (star 

anise). World Journal of Pharmaceutical Sciences, 3(2), 2888-2896. 

[52] Manukumar, H. M., & Vanitha, M. T. (2014). Comparative evaluation of In-vitro 

anthelmintic potency of d elonix regia (Rafin) and Caesalpinia pulcherrima (Linn) flower 

extracts By aqueous and methanol as a solvent. International Journal of Research and 

Development, 5(12), 033-040. 

[53] Ananda, A. P., Manukumar, H. M., Umesha, S., Soumya, G., Priyanka, D., Kumar, A. M., 

Krishnamurthy, N.B. and Savitha, K. R. (2017). A relook at food packaging for cost 

effective by incorporation of novel technologies. Journal of Packaging Technology and 

Research, 1-19. 

[54] Zhao, C., Rakesh, K. P., Mumtaz, S., Moku, B., Asiri, A. M., Marwani, H. M., ... & Qin, 

H. L. (2018). Arylnaphthalene lactone analogues: synthesis and development as excellent 

biological candidates for future drug discovery. RSC Advances, 8(17), 9487-9502. 

[55] Rakesh, K. P., Vivek, H. K., Manukumar, H. M., Shantharam, C. S., Bukhari, S. N. A., 

Qin, H. L., & Sridhara, M. B. (2018). Promising bactericidal approach of dihydrazone 

analogues against bio-film forming Gram-negative bacteria and molecular mechanistic 

studies. RSC Advances, 8(10), 5473-5483. 

[56] Rakesh, K. P., Shantharam, C. S., Sridhara, M. B., Manukumar, H. M., & Qin, H. L. 

(2017). Benzisoxazole: a privileged scaffold for medicinal 

chemistry. MedChemComm, 8(11), 2023-2039. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

31 
 

[57] Manukumar, H. M., Rakesh, K. P., Karthik, C. S., Mallu, P., Qin, H. L., & Eissa, M. Y. H. 

(2018). Vision for medicine: Staphylococcus aureus biofilm war and unlocking key's for 

anti-biofilm drug development. Microbial Pathogenesis. 

[58] Rakesh, K. P., Shantharam, C. S., Kumara, H. K., Manukumar, H. M., & Channe Gowda, 

D. (2016). Synthesis and characterization of quinazolinone-hydrazide analogues: structure 

activity relationship (SAR) studies of anti-microbial activity. Indo American Journal of 

Pharmaceutical Research, 6(5), 5583-5591. 

[59] Manukumar, H. M., Prathima, V. R., Sowmya, S., & Thribhuvan, K. R. (2013). Study of 

nutritional quality, phytochemical constituents and antioxidant activities by different 

solvents of nettle (Urtica urens) from madikeri-karnataka state. Int Res J Pharm App 

Sci, 3(5), 112-119. 

[60] Manukumar, HM, Thribhuvan KR. (2014). In-vitro evaluation of physicochemical, 

antioxidant and anti-inflammatory activity of pomegranate (Punica granatum L.) Juice and 

seed hydro extracts. International Journal of Pharma and Bio Sciences. 5(1): (P) 131 – 141.  

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Highlights 

[1] Synthesized BP*C@AgNPs acting as an antibiofilm candidate. 

[2] The biofilm of MRSA is Ca2+ and extracellular polysaccharide dependent. 

[3] Ruled out the cocktail of treatment beneficiary for the drug resistant pathogens. 

[4] Regulation of biofilm dependent protein in the Ca2+ presence, appreciate the future 
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