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ॐ असतो मा स मय । 

तमसो मा योितगमय । 

मृ योमा अमतंृ गमय । 

ॐ शाि तः शाि तः शाि तः ॥ 

Br̥hadāraṇyakopaniṣat 1.3.28 

 
 

From untruth lead us to Truth. 

From darkness lead us to Light. 

From death lead us to Immortality. 

Peace, Peace, Peace. 

Brihadaranyaka Upanishad, 1.3.28 
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Introduction and Literature Review 

 

Introduction 

The emergence of drug-resistant pathogenic bacteria fueled by indiscriminate use of 

antibiotics has led to the rise of one of the critical challenges in modern healthcare 

regime. This fact coupled with a depleting armory of therapeutic antibiotics has 

escalated the challenge associated with the mitigation of several life-threatening 

bacterial infections. Since antibiotics have a broad spectrum of activity, their excessive 

use has led to the evolution and dissemination of antibiotic resistance in pathogens. 

Furthermore, the broad-spectrum nature of conventional antibiotics has been observed 

to cause severe collateral damage to the human commensal gut microbiota. This fact 

has led to the need to develop alternate therapeutic antibacterial agents, which are 

remarkably different from conventional antibiotics. In this regard, bacteriocins from 

lactic acid bacteria may constitute a viable alternative towards targeted mitigation of 

pathogens. 

 Lactic acid bacteria (LAB) constitute a group of beneficial microbes, which 

hold a GRAS status (Generally Regarded As Safe), have a long history of extensive and 

safe use in food systems for human consumption and are promising candidates for 

bacteria-based therapy. LAB are widely acknowledged as probiotics that impart 

significant benefits to the host, such as improved nutrition and microbiome function of 

the gut, primarily through their ability to colonize the gut and exclude pathogens and 

through immunomodulation. Probiotic LAB can render an inherent favourable safety 

profile in conjunction with an ability to tolerate bile, gastric and intestinal fluids as well 

as bind to extracellular matrix (ECM) and gut cells. As a consequence, probiotic LAB 

can persist in the intestinal environment and thus prevent pathogen colonization. LAB 

are also known to elaborate bacteriocins, which are natural secreted antimicrobial 

peptides (AMPs) that hold considerable merit as alternatives to conventional 

antibiotics. In contrast to antibiotics, LAB bacteriocins represent promising 

therapeutics, given their restricted activity spectra against specific Gram-positive 

pathogenic bacteria and thus ensure minimal collateral damage to human commensal 

microbiota, which in turn is anticipated to curtail the threat of infections by 

opportunistic pathogens. Bacteriocins display potent activity on key targets such as the 

bacterial membrane and are expected to flout resistance development in target strains. 
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Bacteriocins from LAB have been shown to be effective against various bacterial 

pathogens such as Listeria monocytogenes, Staphylococcus aureus, Enterococcus 

faecalis and Clostridium difficile. Apart from their conventional food applications, 

there is a vast and unexplored healthcare potential of LAB and their secreted 

metabolites such as bacteriocins, which remains to be harnessed. The FDA approved 

bacteriocin nisin is being explored in preclinical trials against vancomycin-resistant 

Enterococci (VRE). The exciting prospect of exploring probiotic LAB and their 

secreted bacteriocins as new prophylactic or therapeutic agents against human 

pathogens has received impetus with emerging reports that demonstrate their potential 

in either bacteria-based therapy or antibacterial-based mitigation of gastro-intestinal 

pathogens. To harness the true potential of LAB and their bacteriocins as antibacterial 

therapeutics, it is imperative to identify candidate probiotic LAB strains and develop 

judicious delivery systems that would be biocompatible, render stability and provide 

the bacteriocin in a bioactive form.   

 The proposed research project is essentially based on the above-mentioned 

rationale. The initial endeavor would be to identify promising probiotic native LAB 

strains that display tolerance to bile salts, gastric and intestinal fluids, demonstrate 

significant adhesion potential onto ECM and cultured model intestinal cells and can 

prevent pathogen adhesion. A major emphasis in the study would be on the generation 

of a non-toxic proteinaceous nanocarrier loaded with bacteriocins from LAB and test 

its potential against pathogenic bacteria. In essence, the proposed research project aims 

to demonstrate the potential and merit of the GRAS microbe LAB in bacteria-based 

prophylactic approaches to prevent pathogen colonization as well as develop safe and 

novel antibacterial nanocomposites using LAB secreted bacteriocins as an antibacterial 

payload. In the age of unbridled antibiotic-resistance and at a time when several 

therapeutic antibiotics are rendered ineffective against life-threatening infections, this 

study, which strives to generate potent therapeutic antibacterial agents, addresses a very 

important and contemporary global healthcare problem. The following section provides 

a detailed literature review pertinent to the research area of the present investigation. 
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Literature Review 

1.1. Lactic acid bacteria (LAB)  

Lactic acid bacteria (LAB) are a group of Gram-positive bacteria, which are                               

non-sporulating, non-respiring aerotolerant, either cocci or rods, and which produce 

lactic acid as one of the major end-products after fermentation of carbohydrates. LAB 

strains can belong to five classes of families namely Aerococcaceae, 

Carnobacteriacea, Enterococcaceae, Lactobacillaceae, Leuconostocaceae and 

Streptococcaceae (Holzapfel and Wood, 2014). LAB have the distinction of being 

generally regarded as safe (GRAS) microorganisms that have a significant role in food 

product development and fermentation processes (Kleerebezem et al., 2017;              

Barbosa et al., 2014; Gaggia et al., 2011; Jimenez et al., 2013; Delavenne et al.,, 2013; 

Coolbear et al., 2008). The ability of LAB strains to produce antimicrobial peptides 

such as bacteriocins, which are antagonistic to food-borne pathogens is well 

documented (Hegarty et al., 2016; Alvarez-Seiro et al., 2016; O’Connor et al., 2015). 

LAB are also designated as probiotic strains that can significantly influence the 

microbial composition and host metabolism and this tenet has led to a renewed interest 

in the healthcare potential of LAB (Ruggiero, 2014; Andermann et al., 2016;                         

Bischoff et al., 2014; Ghosal et al., 2016; Pamer, 2016). 

Amongst various LAB, Lactobacillus occupies an important niche and bears 

significant technological, commercial and healthcare implications. Further, 

Lactobacillus is a heterogeneous group of more than 170 recognized LAB species 

possessing low G + C content, being facultative anaerobes and a catalase negative 

phenotype (Goldstein et al., 2015; Salvetti et al., 2012; Claesson et al., 2007). 

Lactobacillus sp. continue to be used for the preservation of food products, considering 

their beneficial attributes such as facile production of organic acids, ability to 

synthesize bacteriocins and in general augmentation of food essence (Stiles, 1996). 

Lactobacillus are known to exist in diverse environments, such as dairy environments, 

mucosal surfaces in host habitats, as well as in plants and soil (Wood and                  

Holzapfel, 1995; Mujagic et al., 2017; van Baarlen et al., 2013; Claesson et al., 2009). 

Considering that Lactobacillus strains are uniquely positioned to lend a beneficial 

effect in the healthcare regime and serve the role of a probiotic, the following section 

elaborates the expanded definition of a probiotic.      
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1.2. Definition of probiotics 

Probiotics is defined as “live microorganisms which when administered in adequate 

amounts confer a health benefit on the host” (FAO/WHO, 2002). This definition has 

been revisited by the International Scientific Association for Probiotics and Prebiotics 

in a consensus meeting, wherein the term probiotic has been defined as “live 

microorganisms that, when administered in adequate amounts, confer a health benefit 

on the host” (Hill et al., 2014). The distinction between microbes and probiotics is 

deduced from this definition, as clear demonstration of health benefit is paramount in 

considering a microbe as a probiotic strain. In this context, countries such as Canada 

and Italy have a set of guidelines for claiming probiotics, such as, a minimum number 

of viable cells (1 × 109 CFU) administered per day, genetic characterization, history of 

safe use (Hill et al., 2014). Further, these countries also expect probiotics to contribute 

a core benefit, which is towards supporting a healthy gut (Hill et al., 2014). This tenet 

was tested in a meta-analysis, wherein it was found that, in general, probiotics lend a 

beneficial effect in the treatment of gastrointestinal infections and can also play a 

preventive role (Ritchie and Romanuk, 2012). To designate any strain as probiotic, 

FAO/WHO has given a set of in vitro screening tests to be conducted, after which the 

strains are considered for in vivo testing. The following sections describe the various in 

vitro tests as mandated by FAO/WHO.          

 

1.3. Probiotic attributes 

1.3.1. Bile acid resistance  

In order to influence the gut microbiota, probiotic lactobacilli should be able to reach 

the colon in sufficiently viable numbers. One of the major roadblocks towards the 

viability of probiotic lactobacilli is the presence of bile acids in the descending part of 

the small intestine (Ruiz et al., 2012). Under normal physiological conditions, bile 

acids concentration ranges from 0.05% to 2.0%, facilitating fat adsorption by the 

epithelial cells (Islam et al., 2011). The bile acids possess detergent-like properties, 

leading to disruption of bacterial membranes, and this leads to bile functioning as a 

potent antimicrobial agent in the gut, profoundly shaping the microbial composition of 

the gut (Begley et al., 2005; Islam et al., 2011). Thus, bile tolerance forms one of the 

major cornerstones of probiotic virtues of Lactobacillus strains. In this context, it has 

been observed that bile-resistant strains can display tolerance to multiple factors 

implicated in inducing gastrointestinal stress (Margolles et al., 2003). Some of the 
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mechanisms behind bile tolerance in probiotic lactobacilli is active efflux of bile acids, 

hydrolysis of bile salts, and changes in the composition of cell membranes (Bustos et 

al., 2011; Kumar et al., 2006; Ruiz et al., 2007).  

 

1.3.2. Bile salt hydrolase activity   

One of the mechanisms behind bile tolerance in probiotic LAB is the hydrolysis of the 

amide bond, leading to de-conjugation of glycine and taurine in bile salts. This reaction 

is catalyzed by the bile salt hydrolase (BSH) enzyme that releases free amino acid and 

free bile acids (Begley et al., 2006). BSHs belong to the choloylglycine hydrolase 

family of enzymes that also contains penicillin amidases (EC 3.5.1.11), enzymes that 

hydrolyse penicillin to yield 6-aminopenicillinic acid (6-APA) (Begley et al., 2006; 

Patel et al., 2010). Since BSHs can alleviate the deleterious effects of bile, a role for 

these enzymes in survival of probiotic LAB within the gastrointestinal tract is 

anticipated. In this context, BSH activity has been observed to be inducible in presence 

of bile, indicating that exposure to bile salt enriched environment is a prerequisite for 

expression of these enzyme (Duary et al., 2012). Thus, it can be conceived that 

possession of such enzymes can increase the chances of survival and persistence in the 

gastrointestinal tract (Begley et al., 2006; Ruiz et al., 2012).  

 

1.3.3. Resistance to gastric acidity 

Another major obstruction in the gut is the presence of gastric fluids, having low pH 

and being rich in proteases, such as pepsin (Charteris et al., 1998). These are acute 

stress factors and are known to negatively impact the viability of ingested probiotics 

(Liong and Shah, 2005). It has been observed that presence of acidic pH leads to a 

lowering of the intracellular pH, leading to a reduction in the transmembrane pH 

difference, which is an important factor in generating proton motive force (Corcoran et 

al., 2005). Internal acidification also reduces the activity of acid-sensitive enzymes and 

results in damage to proteins and DNA (van de Guchte et al., 2002). Thus, it is 

imperative that probiotic Lactobacillus demonstrate sufficient viability in the presence 

of gastric fluid to exert any beneficial effect in the gastrointestinal tract. In this context, 

it has been observed that the probiotic strain Lactobacillus rhamnosus GG can survive 

in an acidic niche in the presence of glucose, indicating the role of carbohydrates in 

tolerance to gastric niche (Charalampopoulos et al., 2003).   
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1.3.4. Adhesion to mucus and epithelial cells  

One of the critical probiotic attributes of LAB is the ability to adhere onto mucus 

proteins and epithelial cells, which form a major component in the gastrointestinal tract                      

(Arena et al., 2017). Further, it is universally acknowledged that adhesion of probiotic 

LAB is a prelude to persistence and sustained colonization in the gastric niche and is a 

pivotal mechanism behind its ability to exert beneficial effects on the host gut 

microflora (Rivera-Espinoza and Gallardo-Navarro, 2010; Arena et al., 2017). Since a 

major thrust of the present thesis is on adhesion of Lactobacillus strains, a detailed 

discussion is provided in a subsequent section.  

 

1.3.5. Antimicrobial activity against pathogenic bacteria 

The antimicrobial activity of lactobacilli in inhibiting pathogenic bacteria is exerted 

through various mechanisms such as competitive utilization of a common substrate, 

reduction of pH in the vicinity through the production of organic acids or through 

expression of specific antibacterial molecules such as bacteriocins or hydrogen 

peroxide (Gänzle, 2009). The faster consumption of an important substrate by probiotic 

LAB reduces its bioavailability for growth of the pathogen, leading to its inhibition 

(O’Toole and Cooney, 2008). Further, the end-product of the carbohydrate metabolism 

in lactobacilli are composed of weak acids such as lactic acid or acetic acid. These 

organic acids render a lowering of the pH, leading to the inhibition of metabolism and 

growth of the pathogenic bacteria. Considering that a major portion of the present 

thesis is on application of bacteriocins to mitigate pathogenic bacteria, a detailed 

discussion is provided in a subsequent section.  

      

1.3.6. Ability to reduce pathogen adhesion to surfaces 

The potential of probiotic lactobacilli to inhibit adhesion of pathogenic bacteria onto 

surfaces, such as mucus and epithelial cells is an important probiotic attribute.  The 

ability of probiotic LAB to inhibit pathogen adhesion is correlated with its own 

proclivity to form cellular auto-aggregates and adhering onto surfaces in high numbers 

with strong affinity (Kos et al., 2003; Lee et al., 2000). Further, prior adhesion of LAB 

cells is also anticipated to hinder the interaction of pathogen with mucus or receptors 

on epithelial cell. Additionally, intestinal injury renders exposure of basal extracellular 

matrix (ECM) proteins such as collagen and fibronectin, which can be an anchoring site 

for pathogen adhesion (Chagnot et al., 2012; Foster et al., 2014). Thus, it is imperative 
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that lactobacilli, which are anticipated to be endowed with probiotic virtues, should 

display potent adhesion inhibition of pathogenic bacteria on ECM molecules. In line 

with this tenet, bacteriocin production renders a competitive edge for colonization and 

clearance of pathogen in the gastric niche (Arena et al., 2017). This fact has been 

highlighted in a seminal study wherein bacteriocin-producing Lactobacillus salivarius 

UCC 118 has been found to reduce Listeria monocytogenes infection in murine gut 

(Corr et al., 2007). In the context of pathogen adhesion inhibition, it has been reported 

that Lactobacillus acidophilus is capable of producing a heat-stable small molecule, 

which reduced the transcription of the genes responsible for colonization and quorum 

sensing in E. coli (Medellin-Peña and Griffiths, 2009).  

   

1.4. Models for determination of adhesion potential of probiotic LAB  

The ability of probiotic LAB to beneficially impact human health is usually brought 

about by three main mechanisms (Lebeer et al., 2010). First, the propensity of probiotic 

LAB to compete for binding sites in the gastric niche and thereby exclude pathogen 

colonization (Lebeer et al. 2008; Zhang et al, 2013). Second, augmentation of the 

intestinal barrier function by probiotic LAB through various mechanisms, such as 

production of extracellular proteins, enhancing tight junction functions, induction of 

defensin production, and protection against xenobiotics (Schlee et al., 2008;                   

Sańchez et al., 2010; Jones et al., 2015; Jariwala et al., 2017). A third mechanism is 

through immunomodulation of the host immune responses, leading to upregulation of 

anti-inflammatory genes (Rieu et al., 2014). In the context of probiotic LAB, the 

critical step is its interaction and adhesion onto host cells (Lievin-Le Moal and Servin, 

2014; Nishiyama et al., 2016). Thus, it is paramount to develop assays for quantitative 

determination of the adhesion potential of LAB strains onto host cells. An initial step 

towards estimation of adhesion of probiotic LAB onto host cells is screening the 

adhesion of a range of strains on in vitro models, which closely mimic the in vivo 

conditions. A few classical models for studying LAB adhesion are discussed in the 

following sections.  

 

1.4.1. Adhesion on immobilized extracellular matrix model 

The extracellular matrix (ECM) is a protein complex, whose primary function is to 

support and link the cells and tissues (Chagnot et al., 2012). Further, ECM performs an 

important function as a platform for microbial adhesion and colonization                       
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(Chagnot et al., 2012). Probiotic LAB express proteins on the cell surface, such as 

adhesins, or S-layer proteins, which specifically interact with the domains of ECM 

(Lievin-Le Moal and Servin, 2014; Nishiyama et al., 2016) The principal components 

of ECM are collagen, laminin and fibronectin, which are occasionally shed into the 

mucus from the epithelial cells (Chagnot et al., 2012, Vélez et al., 2007). An alarming 

fact associated with ECM is that damage to the mucosa is often a prelude to pathogen 

adhesion of ECM, subsequent colonization and infection (Brandl et al., 2008;    

Petersson et al., 2011). The ability of LAB to adhere to these ECM molecules and 

occlude the receptors can perhaps be exploited for targeted pathogen elimination 

(Pamer, 2016). In this regard, probiotic LAB has been found to adhere onto ECM 

components and their adhesive ability has been demonstrated to inhibit pathogen 

colonization on ECM proteins such as collagen (Prince et al., 2012). The adhesion of 

probiotic LAB to mucin has also been probed in detail and reported to be pivotal in 

influencing pathogen colonization onto mucin (MacKenzie et al., 2010; Zhang et al., 

2013; Arena et al., 2017; Campana et al., 2017; Celebioglu et al., 2017). A 

representative list of models used for ascertaining adhesion of probiotic LAB on ECM 

has been provided in Table 1.1. 

 

1.4.2. Adhesion on epithelial cell line model 

In vitro cell culture can be considered as close to realistic depiction of host-microbe 

interactions. In this context, human adenocarcinoma cell line (HT-29) and human 

colorectal adenocarcinoma cell line (Caco-2) have been extensively used to study host- 

LAB interactions (Brito et al., 2013; Van Tassell and Miller, 2011; Celebioglu et al., 

2017). These models are also used to study the prospect of LAB in inhibiting the 

adhesion of pathogens as well as in maintain the tight junction function against the 

pathogen-induced damages (Walsham et al., 2016, Zhang et al., 2013; Jariwala et al., 

2017). For example, Lactobacillus strains were found to inhibit adhesion of 

enterotoxicogenic E. coli on polarized cells of porcine jejunal epithelial IPEC-J2 (Liu et 

al., 2015). Interestingly, HT-29 cells treated with methotrexate were observed to 

differentiate into mucin-secreting goblet cells (called HT29-MTX cell line), which is 

considered to replicate the surface of mucus-producing goblet cells present in the 

gastric niche (González-Rodríguez et al., 2012; Lukić et al., 2012). This cell line has 

been pivotal in providing insights in the adhesion process of probiotic LAB onto host 

cells, as well as in attenuation of Campylobacter jejuni infection on exposure to  
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Table 1.1. Studies on the adhesion of LAB on ECM 

Serial 
no. 

ECM Method for 
estimating adhesion 

LAB strain Reference 

1. Mucin Plating on selective 

media 

Lactobacillus mucosae 

LM                

Lactobacillus plantarum 

CIF17A2 

Valeriano et al., 2014                     

Buntin et al., 2017 

Crystal violet staining  Lactococcus lactis 

BGKP1                     

Lactobacillus casei BL23                  

L. plantarum 299v 

Lukić et al., 2012                          

Munoz-Provencio et al., 2009  

Fluorescence labelling L. acidophilus NCFM Celebioglu et al., 2017 

Radiolabeling  L. rhamnosus GG von Ossoswski et al., 2010 

2. Collagen Plating on selective 

media 

L. plantarum Lp5276 Yadav et al., 2013 

Crystal violet staining  L. plantarum 299v                

L. casei BL23 

Muňoz-Provencio et al., 2011 

3. Fibronectin Crystal violet staining  L. casei BL23                             

L. plantarum Lp5276 

Muňoz-Provencio et al., 2011; 

Yadav et al., 2015 

 

probiotic LAB (Lukić et al., 2012; Alemka et al., 2010). A representative list of models 

used for ascertaining adhesion of probiotic LAB in cell culture has been provided in 

Table 1.2. 

 

1.4.3. Adhesion in animal model  

Animal models offer an immense scope to probe host-microbe interactions over the 

entire landscape of gastrointestinal tract (GIT). In this regard, germ-free mice or 

gnotobiotic mice have played a vital role in revealing the fundamentals of bacterial 

adhesion and subsequent colonization of the GIT (Verdú et al., 2009; Jones et al., 

2015). Several seminal articles report the pivotal role played by probiotic LAB in 

augmenting intestinal host defense, displaying immune-modulatory effects, attenuating 

antibiotic-caused hypersensitivity, and reducing pro-inflammatory signals in 

gastrointestinal tract in mouse model (Verdú et al., 2006, Choi, 2011, Lin et al., 2008, 
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Table 1.2. Studies on the adhesion of LAB in cell culture model 

Serial 
no. 

Cell culture 
model 

Method for 
estimation 

Bacterial strain tested Reference 

1. Caco-2 cells Plating method L. rhamnosus GG                             

L. salivarius W24                    

L. casei W56                             

L. acidophilus W37                   

L. plantarum W21                   

Deepika et al., 2012                     

Deepika et al., 2009 

Campana et al., 2017  

Calasso et al., 2013  

Fluorescence 

labelling  

Bifidobacterium bifidum S17                Grimm et al., 2014 

2. HT-29 cells Plating method L. plantarum NCDO 5276               

Pediococcus pentosaceus 9.1                

Pediococcus acidilactici 12.6 

Yadav et al., 2013             

Turpin et al., 2012 

Fluorescence 

labelling  

L. acidophilus NCFM Celebioglu et al., 2017 

3. HT 29-MTX 

cells 

Plating method L. plantarum 5.8               

L. lactis BGKP1 

Turpin et al., 2012                       

Lukić et al., 2012 

 

Natividad et al., 2012; van Beek et al., 2016). Other models such as Caenorhabditis 

elegans, drosophila and zebrafish have also been utilized to reveal the beneficial effects 

imparted by the presence of probiotic LAB in gastrointestinal tract (Kim and 

Mylonakis, 2012; Jones et al., 2015; Rieu et al., 2014).  

 

1.5. Methods to estimate adhesion of LAB 

Considering that the adhesion of LAB is a pivotal step in subsequent colonization, it is 

necessary to be able to measure the amount of the bacterial load on the host tissue. In 

this regard, various quantitative methods have been used. They are discussed as 

follows: 

 

1.5.1. Plating method 

One of the earliest methods to study adhesion has been plating of the bacteria on agar 

containing selective growth medium (Vesterlund et al., 2005). In this process, the 

principal steps involve separation of adhered bacteria in in vitro cell culture model, 
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followed by serial dilution in sterile PBS and plating in selective media. It may also be 

mentioned here that plating is often the preferred method to ascertain the number of 

colonizing LAB in in vivo experiments (involving either mice, rabbit or human 

subjects) as the method is sensitive and does not entail any modification of the bacterial 

physiology, genetics or metabolism (Grimm et al., 2014; Jones et al., 2015; Bendali et 

al., 2011). However, the method can be cumbersome in nature and necessitates the use 

of specific media for growth of probiotic LAB.  

 

1.5.2. Radiolabelling  

In this method, radioactive thymidine is added to metabolically active bacteria and 

incubated for a certain period of time (Vesterlund et al., 2005). For example,                              

L. rhamnosus GG, the standard probiotic, was radiolabeled using radioactive thymidine 

and subsequently subjected to adhesion experiments on isolated mucus                                          

(von Ossoswski et al., 2010). With the advent of non-radioactive tools for estimating 

adhesion, the use of radiolabelled LAB cells prior to adhesion assays is on the decline.  

 

1.5.3. Bacterial cell staining 

In this method, the LAB cells are allowed to adhere onto ECM coated well, followed 

by removal of non-adhered and weakly adhered cells and subsequent staining with 

crystal violet. Subsequently, the stain bound to the adhered bacterial cells is released by 

incubating in citrate buffer and the released stain is quantified spectrophotometrically 

to acquire a measure of the adhered cells (Munoz-Provencio et al., 2009). Although this 

method is easy to perform, it is not used to study adhesion of probiotic LAB onto 

mammalian cells.  

 

1.5.4. Fluorescence-based method  

In recent times, labelling of probiotic LAB either using fluorochromes, or through 

expression of a fluorescent protein has led to a deeper insight in the field of bacteria-

host interactions (Grimm et al., 2014; Rieu et al., 2014; Jones et al., 2015). For 

labelling of with a fluorochrome, cFDA-SE or TAMRA-SE is incubated with LAB 

cells prior to performing an adhesion assay (Fuller et al., 2000). Expression of a 

fluorescent protein in bacteria is an attractive option and it has been leveraged to study 

the host-bacteria interaction at the transcriptional level (Coombes and Robey, 2010, 

Bumann and Valdivia, 2007). Fluorescent labelling of LAB also allows the 
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visualization of host-adhered bacteria and thereby provides an insight with regard to the 

spatial distribution of the bacteria on the host cell (Grimm et al., 2014).  

 

1.6. Implications of antibiotic usage on the beneficial gut microflora  

It has been estimated that antibiotics are consumed by ~ 3% of patients in developed 

countries to alleviate symptoms associated with infectious diseases (Costello et al., 

2012). However, the spread of antibiotic resistance gene amongst the pathogenic 

bacteria and a concomitant decline in antibacterial agents is of great concern in the 

healthcare regime. In recent times, the eradication of the beneficial microflora due to 

the consumption of antibiotics has come to focus (Schulfer and Blaser, 2016; Blaser, 

2016; Looft and Allen, 2012). The human gut microbiome is composed of a variety of 

microorganisms, which interact with each other and with the host cells, leading to 

expression of host genes, production of metabolites and modulation of the host immune 

system, in a local as well as systemic range (Blaser, 2016). Use of antibiotic has been 

reported to alter the microbial composition in the gastrointestinal niche, leading to an 

abrogation of susceptible microorganisms and proliferation of antibiotic-resistant 

pathogenic bacteria (Pham and Lawley, 2014; Langdon et al., 2016; Browne, 2016). 

Further, it has also been reported that using antibiotics in children leads to a shift in the 

gut microbiota over an extended period, which is causally related to an increased risk 

for metabolic and immunological diseases (Schulfer and Blaser, 2016; Korpela et al., 

2016). The shift includes a change in the population of various microbial species such 

as in Actinobacteria, Bacteroidetes and Proteobacteria, as well as a decrease in bile-salt 

hydrolase-producing microbes and an increase in macrolide resistance. Further, the 

ramifications of antibiotic-mediated perturbation of gut microbiota or a dysbiosis-like 

condition often entails repeated cycles of infection, chronic medication and prolonged 

care (Lawley et al., 2012).  

Development of an antibacterial therapy, which encompasses selective 

elimination of gastrointestinal pathogenic bacteria may serve as better for reduction in 

the development of antimicrobial resistance. In this regard, some of therapeutic 

approaches include the use of natural products, antimicrobial peptides, antibacterial 

polypharmacology entailing multiple targeting of pathogenic sites, small molecules as 

antibiotic adjuvants and using a bacteria-based approach to selectively target 

pathogenic strains and expel them from host system (Maxson and Mitchell, 2016, 

Defoirdt, 2013, Hancock et al., 2012, Kalan and Wright, 2011, Hwang et al., 2016, 
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Brötz-Oesterhelt and Brunner, 2008, Butler et al., 2014, Fernebro, 2011). Amongst the 

above possibilities, the use of selective commensal microbes to combat pathogenic 

strains may serve as an attractive option (Lemon et al., 2012, Fischbach et al., 2013). In 

this context, the potential of probiotic LAB has recently come into the forefront for 

mitigation of gastrointestinal pathogenic bacteria (Pamer, 2016; Andermann                    

et al., 2016). To this end, the following section describes the healthcare potential of 

probiotic LAB as a whole-cell approach in mitigating gastrointestinal pathogenic 

bacteria.  

 

1.7. Probiotic LAB as a whole-cell approach to mitigate gastrointestinal pathogens 

A serious disadvantage with antibiotics is the collateral damage to the beneficial 

microflora, and the concomitant proliferation and invasion of the gastric niche by 

antibiotic-resistant pathogenic bacteria. In this regard, targeting the key step of 

pathogenesis, which is, adhesion of pathogenic bacteria onto gastrointestinal cells, may 

be conceived as a safe antibacterial therapy (Chagnot et al., 2012; Foster et al., 2014; 

Prince et al., 2012; Krachler and Orth, 2013). Deploying probiotic LAB to counter 

adhesion of pathogenic bacteria is a viable option considering the seminal literature 

reports on probiotic LAB, which provide compelling evidence of their beneficial 

impact on human intestinal function (Vitetta et al., 2014; Haleja et al., 2012; Salminen 

et al., 2010; Buffie and Pamer, 2013; Gutierrez-Castrellon et al., 2014; Lievin-Le Moal 

and Servin, 2014). It may be mentioned here that damage to the intestinal mucosa leads 

to the exposure of ECM, which allows pathogen adhesion and subsequent bloodstream 

infections (Chagnot et al., 2012; Brandl et al., 2008; Singh et al., 2012b). Thus, the 

propensity of probiotic LAB to prevent pathogen adhesion onto ECM molecules is a 

critical property for mitigating gastrointestinal pathogenic bacteria (Lebeer et al., 2010; 

Reid et al., 2011). In line with this tenet, a study reported that application of 

Lactobacillus ruminis ATCC 25644 led to a competitive inhibition of Yersinia 

enterocolitica and enterotoxicogenic E. coli on fibronectin and collagen-coated wells 

(Yu et al., 2017). In a separate study, the inhibition of adhesion of Staphylococcus 

aureus or E. coli O157:H7 onto collagen-coated wells was correlated with the ability of 

Lactobacillus strains to aggregate and adhere onto collagen molecules (Miljkovic et al., 

2015). Likewise, the higher affinity of Lactobacillus fermentum to mucin molecules has 

been found to be the key for preventing E. coli adhesion onto mucin-coated wells 

(Chatterjee et al., 2017). The source of LAB isolation may also play a role, as reported 
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in a study wherein L. plantarum isolated from infant feces was found to cause higher 

adhesion inhibition of E. coli O157:H7 on mucin molecules (Buntin et al., 2017).  In a 

separate study, the higher number of pili in L. rhamnosus GG has been reported to be 

pivotal in preventing the adhesion of Enterococcus faecium onto intestinal mucus 

(Tytgat et al., 2016).  

The ability of probiotic LAB cells to counter gastrointestinal pathogen adhesion 

onto intestinal cells is a key beneficial attribute of probiotic LAB. It has been reported 

that L. reuteri and L. salivarius strains expressing S-layer protein could render higher 

inhibition of E. coli K88 and Salmonella enteritidis 50335 adhesion onto Caco-2 cells 

(Zhang et al., 2013). In a separate study, the efficiency of L. rhamnosus W71 to inhibit                          

L. monocytogenes adhesion in exclusion mode and competition mode on Caco-2 cell 

line has been correlated with the ability of LAB cells to co-aggregate with 

gastrointestinal pathogens (Campana et al., 2017). In that same study, L. salivarius 

W24 demonstrated adhesion inhibition only in exclusion mode, implying that there 

were more than one mechanism behind prevention of pathogen adhesion on cultured 

cells (Campana et al., 2017). Separately, the propensity of L. acidophilus to produce 

small molecules that inhibit adhesion of enterohaemorrhagic E. coli was considered as 

the basis for preventing the adhesion of E. coli cells on cultured Caco-2 cells (Tabasco 

et al., 2014). In a separate study, the higher number of adhered cells of L. plantarum 

AS1 led to a decline in the number of Vibrio parahaemolyticus adhering onto HT-29 

cells (Kumar et al., 2011). Further, in another study, the auto-aggregation efficacy of                        

L. plantarum Tennozu-SU2 was correlated with a higher adhesion inhibition of                       

Salmonella typhimurium onto HT-29 cells (Hirano et al., 2016). A representative list of 

additional examples that demonstrate the ability of LAB strains in mitigation of 

pathogen adhesion in cell culture models is provided in Table 1.3. 

The potential of probiotic LAB to impede pathogen adhesion onto host cells has 

been reported to thwart biofilm formation by the pathogen in the intestinal lumen (Woo 

and Ahn, 2013). In a separate investigation, it was observed that the prevalence of large 

numbers of Lactobacillus cells in mice gut could support colonization by the 

commensal strain Lactobacillus reuteri and reduce invasion by Salmonella enterica 

cells (Stecher et al., 2010). In a mice model, it was shown that exposure to Pediococcus 

pentosaceus JWS 939 led to a higher survival of the animals following Listeria 

monocytogenes infection (Choi et al., 2011). In another study, L. reuteri 55730 

prevents S. aureus-mediated cytotoxicity in a human cell culture model (Prince et al.,  
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Table 1.3. Use of probiotic LAB in the mitigation of gastrointestinal pathogens in a 

cell culture model 

Serial 
no. 

Cell culture 
model 

LAB Bacterial strain 
tested 

Target pathogen Reference 

1. Caco-2 cells L. rhamnosus W71 L. monocytogenes 

ATCC 7644 

Campana et al., 2017 

L. acidophilus ATCC 

4356 

C. jejuni               

ATCC 33291 

Campana et al., 2012 

2. HT-29 cells L. plantarum CS24.20 E. coli O26:H11 Dhanani and Bagchi, 

2013 

L. plantarum ULAG11 S. enterica LT2 Oguntoyinbo and 

Narbad, 2015 

L. lactis L3A21M1 L. monocytogenes 

ATCC 7466 

Ribeiro et al., 2016 

L. plantarum LB95 S. enterica subsp. 

enterica serovar 

Enteritidis 

Dutra et al., 2016 

3. HT29-MTX 

cells 

L. paraplantarum 

BGCG11 

L. monocytogenes Zivkovic et al., 2015 

L. salivarius SMXD51 C. jejuni Saint-Cyr et al., 2017 

 

2012). The inherent ability of probiotic LAB to prevent pathogen adhesion has also 

been demonstrated in animal models to counter S. aureus-induced intestinal and 

colonic injury, recurrent Clostridium difficile infection, and colonization by 

vancomycin-resistant Enterococcus faecalis (Bendali et al., 2014; Ghosal et al., 2016; 

Manley et al., 2007). The potential of probiotic LAB has been also demonstrated in 

clinical trials, wherein it has been observed that strains such as L. plantarum TIFN101 

led to an enhanced repair process in the compromised intestine of human subjects 

(Mujagic et al., 2017). In another study, prophylactic use of L. reuteri DSM 17938 

during the first three months of life in an infant led to a reduction in the number of 

infants having gastrointestinal disorders (Indrio et al., 2014). The regular consumption 

of Lactobacillus casei strain shirota has also been linked to a reduction in acute 
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diarrhea in a human trial (Sur et al., 2011), reiterating the promise of probiotic LAB in 

preventing gastrointestinal disorders.  

 

1.8. Bacteriocins from LAB  

Bacteriocins are ribosomally-synthesized antimicrobial peptides (AMPs), which are 

secreted to the extracellular medium (Cotter et al., 2005). Further, bacteriocins from 

LAB are currently under renewed focus due to the GRAS status of LAB and long 

history of their use in food and fermentation process. Bacteriocins may possess an 

advantage over conventional antibiotics, as they can be active at nanomolar range and 

are less likely to have toxic implications as compared to antibiotics (Cotter et al., 2013; 

Hassan et al., 2012). Most importantly, bacteriocins have a restricted antimicrobial 

spectrum, unlike conventional antibiotics, which is anticipated to cause minimal 

collateral damage to the beneficial microflora in the human gastrointestinal tract. Based 

on this rational, bacteriocins from probiotic LAB are uniquely positioned as safe and 

targeted antibacterial molecules for mitigating gastrointestinal pathogens. The 

following sections describes the classification of bacteriocins produced by LAB.  

 

1.9. Bacteriocin classification 

1.9.1. Class I: Small post-translationally modified peptides (less than 10 kDa) 

This class is composed of those peptides that undergo enzymatic modification while 

being synthesized, leading to the presence of unique amino acids and structures, that 

has an influence on their properties. The bacteriocin is made up of a leader peptide, 

which plays a role in transport and renders the molecule inactive when it is fused with 

the peptide (Alvarez-Sieiro et al., 2016; Arnison et al., 2013). This class is further 

subdivided into Ia (lanthipeptides), Ib (head-to-tail cyclized peptides), Ic (sactibiotics), 

Id (linear azoline-containing peptides- LAC), Ie (glycoins) and If (lasso peptides) 

(Alvarez-Sieiro et al., 2016). One of the well-known bacteriocins from this group is 

nisin A, which is a FDA approved bacteriocin for application in food packaging 

materials. 

 

1.9.2. Class II: Unmodified bacteriocins (less than 10 kDa)   

These bacteriocins have no unique amino acids and hence do not require any unusual 

modification during their biosynthesis. However, they still require a leader peptidase 

and/ or a transporter. This class is further subdivided into IIa (pediocin-like 
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bacteriocins), IIb (two-peptide bacteriocins), IIc (leaderless bacteriocins) and IId (non-

pediocin like, single-peptide bacteriocins) (Alvarez-Sieiro et al., 2016). Pediocin PA-1 

is a widely studied molecule from this group of bacteriocins. Considering that the 

major thrust of the present thesis is on class IIa bacteriocins, an elaborate discussion on 

these bacteriocins is provided in a subsequent section.  

 

1.9.3. Class III 

The Class III bacteriocins are larger than 10 kDa in size and are sensitive to heat. These 

generally act by lytic (enterolysin A) or non-lytic (caseicin) mechanism (Alvarez-Sieiro 

et al., 2016). When these bacteriocins act by non-lytic mechanisms, either blockage of 

biosynthesis or membrane leakage is found to occur.   

 

1.10. Class IIa bacteriocins (pediocin-like bacteriocins) 

The designation of these class of bacteriocins as pediocin-like bacteriocins refers to the 

molecule pediocin PA-1/ AcH, which was the first class IIa bacteriocin characterized 

for its antibacterial properties (Biswas et al., 1991, Nieto Lozano et al., 1992; 

Cleveland et al., 2001, Ennahar et al., 2000, Klaenhammer, 1993). In recent times, 

class IIa bacteriocins produced by LAB have emerged as a group of antimicrobial 

peptides for use in food preservation and in medicine, as antibiotic adjuvants in treating 

infectious diseases (Alvarez-Sieiro et al., 2016, Umu et al., 2016). Class IIa 

bacteriocins act on gram-positive food spoilage and pathogenic bacteria such as 

Bacillus cereus, Clostridium perfringens, C. difficile, E. faecalis, S. aureus and                       

L. monocytogenes (Cotter et al., 2005; O’Connor et al., 2015). These bacteriocins are 

often described as anti-listerial, have a molecular weight of less than 10 kDa, are heat-

stable, unmodified peptides having a net positive charge, with pI values ranging from 8 

to 10 (Umu et al., 2016). Further, class IIa bacteriocins possess a highly conserved, and 

hydrophilic region, having the consensus motif YGNGV(X)C (X denotes any amino 

acid) which is known as the pediocin box (Alvarez-Sieiro et al., 2016; Perez et al., 

2014). The C-terminal region is more flexible in terms of amino acid composition and 

is primarily hydrophobic and/or amphiphilic in nature (Alvarez-Sieiro et al., 2016). 

Pediocin PA-1 is a classical molecule of this class and its mode of action has been 

elucidated in previous studies. The bacteriocin was found to render a loss of K+ ions in 

sensitive cells (Bhunia et al., 1991). It also led to a decline in the concentration of 

intracellular ATP, dissipation of the membrane potential (Δψ) and caused the  
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Table 1.4. Examples of class IIa bacteriocins  

Serial 

no. 

Name Producer Target pathogen Reference 

1.  Pediocin PA-1 P. pentosaceus 

NCDC 273 

E. faecalis NCDC 114          Verma et al., 

2017 

2.  Plantaricin ZJ008 L. plantarum ZJ008 M. luteus 10209                      

S. carnosus LTH1502                         

S. aureus D48                   

S. epidermidis Z80                      

L. monocytogenes LM1 

Zhu et al.,             

2014 

3.  Enterocin K1 E. lactis Q1  E. faecium MMT21               

E. faecalis JH22                      

S. aureus ATCC 6538 

Braïek et al., 

2018 

4.  Sakacin P L. sake C2 L. monocytogenes 

CMCC 54002 

Gao et al., 

2015 

5.  Leucocin A L. gelidum UAL187 L. monocytogenes                         

FSL C1-056                                       

C. divergens UAL9 

Balay et al., 

2017 

 

breakdown of the pH gradient (ΔpH) in target cells of L. monocytogenes (Christensen 

and Hutkins, 1992; Chikindas et al., 1993). Based on studies with pediocin and 

pediocin-like bacteriocins, it is proposed that class IIa bacteriocins trigger membrane 

permeabilization in the target bacterial cell, probably by the formation of ion selective 

pores, which lead to a dissipation of the proton motive force and a decline in the 

concentration of intracellular ATP. A list of representative Class IIa bacteriocins and 

their salient features is indicated in Table 1.4.  

 

1.11. Healthcare applications of LAB bacteriocins  

Bacteriocins from LAB are considered as safe and promising antibacterial molecules 

considering that they are produced from LAB, their ability to act on a select group of 

pathogenic bacteria, lack of host-directed toxicity and their propensity to be stable 

molecules. Of the various classes of bacteriocins, nisin and pediocin PA-1 have been 

commercialized as food additives (Alvarez-Sieiro et al., 2016). However, their unique 
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properties of possessing a restricted antimicrobial spectrum of pathogenic bacteria and 

being non-toxic to mammalian cells, renders them amenable for mitigation of 

pathogens in the healthcare regime. Further, it is anticipated that utilization of 

bacteriocins for the mitigation of gastrointestinal pathogens will lead to their removal 

from the gastrointestinal tract. This tenet was elucidated in a study wherein 

consumption of a purified formulation of nisin in broiler chickens led to a reduced 

number of Bacteroides and Enterobacteriacae in ileal region of gastrointestinal tract 

(Jozefiak et al., 2013). In a similar study, application of the bacteriocin OR-7 

encapsulated in polyvinylpyrrolidone led to a one-million-fold reduction in the 

population of the human gastroenteritis pathogen C. jejuni in chicken (Stern et al., 

2006). LAB bacteriocins can also function as antibiotic synergists to potentiate the 

antimicrobial efficacy of conventional antibiotics. Recently, the combination of nisin 

with ceftriaxone or cefotaxime led to membrane permeabilization in tested strains of 

Salmonella spp. (Singh et al., 2013). Interestingly, the application of the combinatorial 

regime of nisin and β-lactam antibiotics led to a direct immunomodulatory effect in 

mice infected with Salmonella (Singh et al., 2014).   

 In the context of targeting pathogens in the gastric niche, bacteriocin-producing 

LAB can be deployed and the anti-adhesion propensities of such bacteriocinogenic 

LAB can also be exploited in tandem. It may be hypothesized such LAB strains can 

lead to an effective abrogation of gastrointestinal pathogens with minimal effect on the 

beneficial microflora. The role played by bacteriocin production towards increasing the 

probiotic effectiveness of the Lactobacillus sp. in the gastric niche has been brought out 

through various seminal studies (van Hemert et al., 2010; Meijerink et al., 2010; 

Gotteland et al., 2008). In particular, colonization of mouse gut by the 

bacteriocinogenic L. salivarius UCC118 has been correlated with protection from                   

L. monocytogenes infection (Corr et al., 2007). Interestingly, in a related study, 

adhesion of L. salivarius UCC118 to epithelium cells was found to lead to an induction 

of the genes expressing bacteriocins, highlighting the probable mechanism for its 

protective effect on L. monocytogenes infection in murine gut (van Pijkeren et al., 

2006). In a seminal study, it was found that conjugation defective E. faecalis cells 

harboring the plasmid for production of bacteriocin 21 led to the clearance of 

vancomycin resistant E. faecalis cells from the gastric niche, underscoring the fact that 

deployment of bacteriocinogenic LAB can be an effective therapeutic regimen to 

achieve selective clearance of gastrointestinal pathogens (Kommineni et al., 2015).          
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MOTIVATION AND OBJECTIVES OF THE PRESENT 

INVESTIGATION 

 

Mitigation of gastrointestinal infections using therapeutic antibiotics can be 

counterproductive since their administration is likely to cause a significant collateral 

damage to the gut microflora. Based on the existing literature reports as highlighted in 

Chapter 1 of the thesis, it is quite evident that probiotic lactic acid bacteria (LAB) and 

its metabolites, specifically bacteriocins, has come to the forefront as potential 

therapeutic agents for selective elimination of pathogens along with minimal effect on 

the beneficial gut microbes. Notably, the high adhesion propensity of probiotic LAB to 

host intestinal cells can prevent pathogen adhesion by occluding host cell receptors or 

extracellular matrix (ECM) molecules. The origin of the present research investigation 

and the salient motivating factors stem from the following considerations:  

 

1. Administration of therapeutic antibiotics can impart significant collateral 

eradication of beneficial gut microbiome and lead to occupation of niches by 

antibiotic-resistant pathogens such as vancomycin-resistant E. faecalis (VRE). 

This is an alarming fact, considering that occupation is followed by chronic 

colonization and systemic infections such as antibiotic-associated diarrhea. 

Given this backdrop, there is an urgent need to conceive alternate therapeutic 

approaches, which could adequately address the dual issue of the development 

of a selection pressure that favors resistance development in pathogens and 

minimize collateral damage towards the commensal microbes.  

 

2. LAB have a long history of safe use in food and agriculture. The recent 

unraveling of the biomedical potential of LAB has positioned them as potential 

candidates for anti-pathogen therapy. The inherent propensity of probiotic LAB 

to survive in the harsh gastro-intestinal niche in combination with their ability 

to adhere onto ECM and host intestinal cells and prevent pathogen adhesion 

offer an exciting prospect of developing a LAB-based anti-bacterial therapeutic 

regime. 
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3. Bacteriocins, which are natural antimicrobial peptides (AMPs) secreted by LAB 

are promising therapeutic antibacterial molecules. In contrast to antibiotics, the 

restricted antimicrobial spectrum of bacteriocins is likely to ensure minimal 

collateral damage on commensal microbiota. Thus, it can be conceived that 

combinatorial deployment of probiotic LAB and its secreted bacteriocin may 

constitute a safe therapeutic antibacterial and an anti-adhesion agent.  

 

4. Applications of bacteriocins as therapeutic antibacterial agents demand the 

development of a robust delivery system that would render stability and 

retention of bacteriocin activity during gastric transit. To this end, nanocarriers 

can be conceived as rational vehicles for generating suitable payload delivery 

modules. Further, the combination of probiotic LAB and bacteriocin-loaded 

nanocomposite can be harnessed in tandem to selectively reduce colonization of 

host cells by gastrointestinal pathogens. 

 

 In the light of the enormous scope of exploring probiotic LAB and its 

bacteriocin for niche-specific antibacterial therapy, the essential objectives of the Ph.D. 

thesis encompassed the following: 

 

1. Selection of candidate LAB strains based on quantitative appraisal of probiotic 

attributes. 

2. Determination of the potential of probiotic LAB to prevent pathogen adhesion 

onto extracellular matrix (ECM).  

3. Evaluation of the potential of probiotic LAB to prevent pathogen adhesion in an                   

in vitro cell culture model.  

4. Generation of bacteriocin-loaded nanocomposite for mitigation of 

gastrointestinal pathogenic bacteria.  

5. Evaluation of the combinatorial effect of bacteriocin-loaded nanocomposite and 

probiotic LAB for potential anti-adhesion intervention in an in vitro model. 
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Quantitative Appraisal of Probiotic Attributes of              

Native Lactic Acid Bacteria 

 

In this chapter the native LAB strains, which were previously isolated from various 

indigenous source were characterized for salient probiotic attributes. A quantitative 

comparison of these attributes using various in vitro assays are presented in detail.  
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ABSTRACT 

The aim of the present study was to ascertain the probiotic potential of anti-listerial 

bacteriocin-producing LAB strains isolated from indigenous sources such as dahi, dried 

fish and salt-fermented cucumber. Eleven anti-listerial bacteriocin producing natural 

LAB isolates were screened for bile tolerance. All the native isolates exhibited 

tolerance towards bile salt as their viability was virtually unaffected over 24 h. The 

presence of bile salt hydrolase gene (bsh) was determined through PCR in 

Lactobacillus plantarum strains. Further, presence of collagen-binding protein (cnbp) 

and fibronectin-binding protein (fbp) gene was also detected through PCR in                             

L. plantarum strains. Upon testing tolerance to simulated gastric fluid (SGF), the native 

isolates Lactobacillus sp. CDRA60, L. plantarum CRA38 and P. pentosaceus CRA51 

demonstrated less than one log decrease in cell viability and this result was found to be 

comparable to that observed for the standard probiotic L. rhamnosus GG. An 

overwhelming majority of the native LAB demonstrated resilience to simulated 

intestinal fluid (SIF), akin to L. rhamnosus GG. A sensitive fluorescence-based 

adhesion assay indicated that the native isolates, Lactobacillus sp. DF3, L. plantarum 

DF9 and E. faecium DF14 displayed adhesion comparable to that observed for                          

L. rhamnosus GG. It was also interesting to observe that Lactobacillus sp. DF3,                       

L. plantarum DF9 and E. faecium DF14 displayed auto-aggregation akin to                              

L. rhamnosus GG. Finally, antibiogram assays revealed that the native LAB strains 

were sensitive to conventional therapeutic antibiotics used for mitigation of 

gastrointestinal pathogens. It is conceived that these anti-listerial bacteriocinogenic 

LAB strains may find niche application in the healthcare domain.  
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2.1. Introduction 

Lactic acid bacteria (LAB) have the distinction of being generally regarded as safe 

(GRAS) microorganisms that play a crucial role in food product development and 

fermentation processes (Coolbear et al., 2008; Rhee et al., 2011; Leroy and De Vuyst, 

2004; Angmo et al., 2016). LAB may also enhance food safety by producing 

antimicrobial peptides such as bacteriocins, which are antagonistic to pathogens such as 

Listeria monocytogenes, Enterococcus faecalis, Staphylococcus aureus and 

Clostridium difficile (Cotter et al., 2013; O’Connor et al., 2015; Umu et al., 2016; 

Cavera et al., 2015; Schillinger et al., 2014; Chikindas et al., 2018). Recently, LAB 

have come to the forefront as probiotic candidates, which can largely impact the 

activity and composition of the intestinal microbiota, and this fact, has led to emerging 

healthcare applications (Lebeer et al., 2008; Vitetta et al., 2014; Pamer, 2016; Yan and 

Polk, 2010; Ghosal et al., 2016; Nishiyama et al., 2016). Considering the fact that 

probiotic LAB need to colonize and persist in the intestine, it is critical that such LAB 

strains have a protective mechanism to survive in extremely low pH of the gastric fluid 

and the harsh digestive enzymes and bile encountered during gastrointestinal transit. 

Thus, tolerance to gastric and intestinal fluid and bile constitutes a key selection 

criterion for probiotic LAB strains. With regard to other cardinal attributes of probiotic 

LAB, the ability to adhere to intestinal cells is considered to be vital in the context of 

persistence (Alander et al., 1999; Jensen et al., 2014), enhanced healing of the damaged 

mucosa (Verdu et al., 2009; van Beek et al., 2016), antagonism against pathogens 

(Collado et al., 2007; Reid and Burton 2002) and immunomodulation                            

(Paginini et al., 2010; Zhou and Gill, 2005).   

Evaluation of desirable probiotic attributes in native LAB isolates through 

rigorous assays is vital prior to establishing the probiotic traits in the strains. Further, 

the assays should be insightful and quantitative that would enable a comparative 

analysis and selection of the potential strains thereof. To ascertain bile tolerance as well 

as transit tolerance of LAB in the upper human gastrointestinal tract (GIT), well-

established in vitro models have been described in the literature (Nueno-Palop and 

Narbad, 2011; Charteris et al., 1998; Huang and Adams, 2004). A number of in vitro 

models have been routinely employed to ascertain adhesion of probiotic LAB to 

epithelial cells, of which cell culture-based experiments are routinely used (Bermudez-

Brito et al., 2013). Previous research work has demonstrated the utility of model 

intestinal cell lines such as the human colon adenocarcinoma cells Caco-2 and HT-29 
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in evaluating the adhesion potential of potent probiotic LAB strains (Bermudez-Brito et 

al., 2013; Sambuy et al., 2005; Walsham et al., 2016). Adhesion of LAB to epithelial 

cells has been studied by visualizing the adhered cells by Gram staining (Tuomola and 

Salminen, 1998) or Giemsa staining (Forestier et al., 2001). Quantitative estimation of 

LAB adhesion has been accomplished by using radio-labeled probe, enzyme-linked 

immunosorbent assay (ELISA), culture dependent plating techniques and fluorescence-

based assays (Gopal et al., 2001; Binachi et al., 2004; Blay et al., 2004;                           

Lee et al., 2004). In this context, the propensity of LAB cells to form aggregates has 

been implicated in their ability to adhere onto intestinal cells (García-Cayuela et al., 

2014; Botta et al., 2014). It has been presumed that formation of bacterial clumps leads 

to an increased bacterial surface area for interaction with intestinal cells leading to an 

enhanced ability to adhere and colonize (Younes et al., 2012; MacKenzie et al., 2010).   

Considering the fact that probiotic LAB largely constitutes the human gut 

microbiota, isolation of putative probiotic LAB has been largely accomplished from 

human intestinal source (Guinane et al., 2015; Zheng et al., 2016). However, in the 

light of reports, which highlight interesting probiotic attributes in LAB isolated from 

non-intestinal source (Chang et al., 2010; Vitali et al., 2012; Angmo et al., 2016; Botta 

et al., 2014), there is a growing interest in probing unique ecological niches as alternate 

source of isolating novel probiotics. In the present study, several native LAB strains, 

which were isolated previously from diverse indigenous sources and produced 

bacteriocin was found to demonstrate potent activity against the intestinal pathogen 

Listeria monocytogenes (Singh et al., 2012a). Given the potency of these LAB strains 

against a gastrointestinal pathogen, the initial endeavor of the present investigation was 

to probe some of the characteristic probiotic attributes such as bile tolerance, survival 

potential in simulated gastric and intestinal fluids and in vitro adhesion to model human 

intestinal cells. It was envisaged that apart from bacteriocinogenic potential, the 

presence of other probiotic traits may significantly enhance the scope of these native 

LAB strains in the mitigation of intestinal pathogens.   

TH-2159_126106018



Materials and Methods  Chapter 2 

32 
 

2.2. Materials and Methods 

2.2.1. Growth media and chemicals 

5 (and 6) carboxyfluorescein diacetate succinimidyl ester (cFDA-SE), pepsin, 

pancreatin, penicillin and streptomycin were obtained from Sigma Aldrich, USA. For 

cell culture experiments, Dulbecco's Modified Eagle Medium (DMEM) was procured 

from Sigma-Aldrich (USA) and fetal bovine serum (FBS) was procured from PAA 

Laboratories, USA. de Man, Rogosa and Sharpe (MRS) broth, oxgall bile salts and 

antibiogram octadiscs (G-IV-minus) were procured from HiMedia, Mumbai, India. 

 

2.2.2. Bacterial strains and culture condition 

The reference and native LAB in this investigation are indicated in Table 2.1. All LAB 

strains were grown and maintained as stock cultures as described in a previous 

investigation (Singh and Ramesh, 2009).   

 

2.2.3. Bile salt tolerance of native LAB 

To study the survival of native LAB isolates in presence of oxgall bile salt, 1.0 mL of 

cells from an overnight grown culture (7.0 log10 CFU/mL) was harvested by 

centrifugation, washed and resuspended in 1.0 mL sterile MRS broth. Subsequently, 

0.1 mL of cells was added to 0.9 mL of MRS broth containing 0.3% (w/v) oxgall bile 

(final cell number of 6.0 log10 CFU/mL), vortexed thoroughly and incubated at 37 °C 

under static condition. To determine viability in presence of oxgall bile, aliquots of 0.1 

mL were periodically withdrawn (6 h, 12 h and 24 h) and cell viability (log10 CFU/mL) 

was ascertained by pour plating in sterile MRS agar medium. 

 

2.2.4. PCR-based detection of bile salt hydrolase gene (bsh), fibronectin-binding 

protein gene (fbp) and collagen-binding protein gene (cnbp) in native isolates of                 

Lactobacillus plantarum 

Template DNA was isolated from native isolates of L. plantarum (isolates CRA21, 

CRA38, CRA52 and DF9 in case of bsh and fbp gene; isolates CRA21, CRA38, 

CRA49, CRA52 and DF9 in case of cnbp gene) by following the method described in 

an earlier work (Singh and Ramesh, 2009).  Detection of bsh, cnbp and fbp genes was 

accomplished using the primers indicated in Table 2.2. The PCR reaction mix consisted 

of PCR buffer (diluted from a 10X stock), 200 µM of each deoxynucleoside 

triphosphate  (dNTP), 1U of Taq DNA polymerase (Sibenzyme, Novosibirsk, Russia)  
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Table 2.1. Bacterial strains used in present study 

Bacteria Strain 

Standard LAB  

Lactobacillus gasseri NRRL B4240 

Lactobacillus helveticus NCIM 2126 

Lactobacillus johnsonii NRRL B2178 

Lactobacillus plantarum MTCC 1407 

Lactobacillus plantarum MTCC 1746 

Lactobacillus plantarum NCIM 2592 

Lactobacillus rhamnosus GG 

Bacteriocin producing LAB isolates  

Lactobacillus plantarum CRA21 

Lactobacillus plantarum CRA38 

Lactobacillus plantarum CRA49 

Lactobacillus plantarum CRA52 

Lactobacillus plantarum DF9 

Non-LAB strain  

Staphylococcus aureus MTCC 96 

Listeria monocytogenes Scott A 

Enterococcus faecalis MTCC 439 

NRRL: Northern Regional Research Laboratory, Peoria, IL, USA; MTCC: Microbial Type Culture 
Collection, Institute of Microbial Technology (IMTECH), Chandigarh, India; NCIM: National Collection 
of Industrial Microorganism, National Chemical Laboratory (NCL), Pune, India; Native L. plantarum 
strains CRA21, CRA38, CRA49, CRA52, DF9 were isolated as described previously (Singh and 
Ramesh, 2008; Singh et al., 2012); L. rhamnosus GG and L. monocytogenes Scott A were obtained from 
Dr. Prakash Halami, Central Food Technological Research Institute (CFTRI), Mysuru, India.   
 

and 50 pmol each of forward and reverse primer. The template DNA was initially 

subjected to denaturation at 94 °C for 2 min followed by a total of 35 amplification 

cycles in a programmable thermal cycler (Gene Amp Gold PCR System, Applied 

Biosystems, USA). Each cycle included denaturation for 1 min at 94 °C, primer 

annealing for 1 min at 56 °C (for bsh and fbp) or 55 °C (for cnbp) and extension for                 

1  min at 72 °C. A final extension at 72 °C for 10 min followed the last cycle. The PCR 

products were subjected to agarose (1%) gel electrophoresis. 
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Table 2.2. Primers used in the present investigation 

Primer Nucleotide sequence (5’-3’) PCR target Reference 

1F 

1R 

CACCAGTCCTAAGCGACCAT 

GTTGTTCGTGACCAGTCGTG 
bsh gene Present work 

2F 

2R 

GCTTCCTAGTGACGATCCAATC 

GTAAGGTCCGAGACCAGATGAC 
fbp gene Present work 

3F 

3R 

CGCTATTTATGCTGGGGAGTAC 

GCCCTAGCGTATCTGTAACCAC 
cnbp gene Present work 

 

2.2.5. Survival in simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) 

Simulated gastric fluid (SGF) was prepared as described in a previous work                         

(Charteris et al., 1998). SGF was prepared fresh prior to assay and was composed of 

pepsin (3.0 g/L) suspended in 0.5% w/v sterile saline. The pH of SGF was adjusted to 

2.0 using 0.2 N HCl. Simulated intestinal fluid (SIF) was prepared fresh as per the 

composition mentioned in US Pharmacopeia and consisted of 6.8 g/L of monobasic 

potassium phosphate and 10 g/L of pancreatin in sterile water. Pancreatin was used as 

an ingredient of SIF based on a previous literature report (Charteris et al., 1998). The 

pH of SIF was adjusted to 8.0 using 0.1 M NaOH. To study the tolerance of native 

LAB isolates to SGF and SIF, 1.0 mL of cells from an overnight grown culture 

(consisting of 7.0 log10 CFU/mL) was harvested by centrifugation, washed twice in 

sterile phosphate buffered saline (PBS) and resuspended in 1.0 mL sterile PBS. 

Subsequently, 0.1 mL of cells was added to 0.9 mL of SGF or SIF (final cell number of 

6.0 log10 CFU/mL), vortexed thoroughly and incubated at 37 °C under static condition. 

To determine tolerance in SGF, aliquots of 0.1 mL were periodically withdrawn (40 

min, 80 min and 120 min) and cell viability (log10 CFU/mL) was ascertained by pour 

plating in MRS agar medium. In case of tolerance to SIF, samples were withdrawn 

intermittently (2 h, 4 h and 6 h) and cell viability (log10 CFU/mL) was ascertained by 

pour plating in MRS agar medium. For both SGF and SIF tolerance, control 

experiments consisted of untreated cells. Triplicate samples were analyzed for both 

SGF and SIF tolerance and the mean cell numbers and standard deviations were 

calculated (Microsoft Office Excel 2007, Microsoft Corporation, USA). The viable cell 
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counts obtained at 0 min in the respective simulated fluids was compared to the counts 

obtained at other periods of exposure (40 min, 80 min and 120 min for SGF and 2 h, 4 

h and 6 h for SIF) and subjected to statistical analysis using one-way analysis of 

variance (ANOVA) performed on Sigma Plot version 11.0.  

 

2.2.6. In vitro adhesion assay 

For adhesion studies, HT-29 cells (human colon adenocarcinoma cells) were procured 

from National Animal Cell Repository, National Centre of Cell Sciences (NCCS) Pune, 

India. HT-29 cells were grown in 25 cm2 tissue culture flasks in DMEM supplemented 

with 10% (v/v) FBS, 2.0 mM glutamine, 1.0 mM sodium pyruvate, 100 units/mL 

penicillin, and 50 mg/mL streptomycin at 37 °C in a humidified 5% CO2 incubator until 

the cells were approximately 90% confluent. Prior to the adhesion experiments with 

LAB strains, the HT-29 monolayer was washed twice with sterile PBS, trypsinized and 

transferred to a 24-well multi-dish (final cell concentration 1 × 104 cells per well) 

having fresh DMEM medium (without antibiotics) and incubated at 37 °C in 5% CO2. 

Subsequently, the monolayer of HT-29 cells was propagated for 7 days, with a periodic 

change of medium every 2 days and used at late post-confluence stage for carrying out 

adhesion assays. The LAB strains were grown overnight in MRS broth and harvested 

by centrifugation at 3,000 x g for 10 min. The cell pellet was washed twice with sterile 

PBS and resuspended in 1.0 mL of sterile PBS. The LAB were then labelled with 

cFDA-SE (final concentration of 50 µM) at 37 °C for 20 min. The labelling reaction 

was terminated by centrifugation of the cells at 3,000 x g for 10 min and the excess dye 

molecules were removed by washing the cell pellet twice with sterile PBS. The solution 

fluorescence of a 100 µL (6.0 log10 CFU/mL) aliquot of the cFDA-SE-labelled LAB 

strains was measured in a multiplate reader (Infinite M200, Tecan, Austria) and 

considered as total fluorescence (FT). A 100 µL aliquot of cFDA-SE labelled LAB cells 

(6.0 log10 CFU/mL in antibiotic-free DMEM medium) was then added in different sets 

to 24-well multi-dish containing HT-29 cells in antibiotic-free DMEM medium and 

incubated at 37°C in 5% CO2 atmosphere for 2 h. Following incubation, non-adhered 

LAB cells were aspirated and washed twice with sterile PBS. Subsequently, the non-

adhered LAB, as cell pellet, was resuspended in sterile PBS and its fluorescence 

intensity was measured (FNA). A quantitative measure of LAB adhesion (FA) to HT-29 

cells was calculated as per the following expression: 
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To quantify the adhesion potential of the selected LAB strains as compared to                                  

L. rhamnosus GG, the following expression was used:  

 

 
 

where F* represents the quantitative measure of adhered cells of L. rhamnosus GG on         

HT-29 cells (corresponding to FA for L. rhamnosus GG ascertained by using the 

expression indicated in equation 2.1). All the experiments were performed in triplicates 

and mean and standard deviation was calculated (Microsoft Office Excel 2007, 

Microsoft Corporation, USA). 

 

2.2.7. Autoaggregation assay 

Autoaggregation assays were performed by essentially following the method described 

previously (Kos et al., 2003). Initially, 1.0 mL of cells from an overnight grown culture 

of the LAB strains (7.0 log10 CFU/mL) was harvested by centrifugation, washed twice 

with sterile PBS and resuspended in 1.0 mL of sterile PBS. Subsequently, 0.1 mL of 

cells was added to 0.9 mL of sterile PBS (final cell number of 6.0 log10 CFU/mL), 

vortexed thoroughly and incubated for 2 h at 37 °C under static condition. Following 

incubation, 0.1 mL of the upper layer of the suspension was added to 0.9 mL of sterile 

PBS and the absorbance (AT) was measured at 600 nm.  

Autoaggregation was determined by the following expression:  

 

 

where, A0 refers to absorbance of the initial bacterial suspension, which was used to set 

up the auto-aggregation assay. All the experiments were performed in triplicates and 

mean and standard deviation was calculated (Microsoft Excel 2007, Microsoft 

Corporation, USA). 
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2.2.8. Antibiogram assay  

Antibiogram assay was performed by a standard disc diffusion method. Briefly, 

overnight grown cells of LAB (8.0 log10 CFU/mL) were grown as a lawn on MRS agar 

plates. Subsequently, antibiogram discs containing ampicillin (10 µg), cephalothin (5.0 

µg), colistin sulphate (25 µg), gentamicin (10 µg), streptomycin (200 µg), sulphatriad 

(200 µg), tetracycline (25 µg) and co-trimoxazole (25 µg) were placed on the MRS 

plates and incubated at 37 °C for 48 h. Following incubation, the diameter of zone of 

inhibition around the antibiotic discs was measured and the LAB strains were classified 

as susceptible or resistant as per the manufacturer’s instruction.        

 

2.2.9. Nucleic acid sequence 

The PCR generated amplicon for bsh and cnbp gene of L. plantarum CRA38 was 

purified using GenElute PCR Cleanup kit (Sigma Aldrich, USA) and subsequently 

subjected to nucleic acid sequencing (Delhi University, South Campus). The partial 

coding sequence was subjected to BLAST analysis 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and deposited in GenBank with accession 

number JN831152 (bsh) and JQ231230.1 (cnbp).  

 

2.3. Results and Discussion  

2.3.1. Survival in presence of bile salt 

Probiotic LAB are in great demand owing to their special attributes such as acid and 

bile tolerance, antagonism towards certain gastrointestinal pathogens and their 

favorable influence on the activity and composition of the intestinal microbiota (Haleja 

et al., 2012, Ghosal et al., 2016; Ohland and MacNaughton, 2010). Although probiotic 

strains isolated from human gastrointestinal tract hold special interest, it is worthwhile 

to probe the functional characteristics of LAB, which exist as intrinsic microbiota in 

diverse niche. This fact motivated us to undertake the present study, wherein potent 

bacteriocin producing LAB isolated previously from dahi, dried fish and salt fermented 

cucumber (Singh et al., 2012a) were selected to ascertain tolerance to bile salt, 

simulated gastric and intestinal fluid and in vitro adhesion potential. It is conceivable 

that prior to exerting any health promoting benefits, probiotic LAB need to endure 

gastrointestinal (GI) transit and remain viable in adequate numbers. In the course of GI 

passage, LAB cultures are required to overcome a number of impediments of which 

tolerance to bile remains a formidable challenge. The detergent like property of bile  
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Table 2.3. Viability of LAB in presence of oxgall bile salts 
 

Strain a Viable count (log10 CFU/mL)  SD 

 0 h 6 h 12 h 24 h 

L. rhamnosus GG 6.11 ± 0.03 6.59 ± 0.06 7.03 ± 0.05 8.97 ± 0.02 

Lactobacillus sp. CDRA60 6.13 ± 0.05 6.81 ± 0.05 7.05 ± 0.08 9.0 ± 0.2 

L.  plantarum CRA21 6.16 ± 0.01 6.94 ± 0.02 7.10 ± 0.1 9.05 ± 0.05 

P. acidilactici CRA28 6.12 ± 0.03 6.71 ± 0.01 7.08 ± 0.06 9.01 ± 0.03 

L. plantarum CRA38 6.11 ± 0.01 6.91 ± 0.02 7.26 ± 0.1 9.1 ± 0.12 

Lactobacillus sp. CRA39 6.03 ± 0.06 6.80 ± 0.02 6.97 ± 0.02 7.95 ± 0.06 

L. plantarum CRA49 6.15 ± 0.05 5.5 ± 0.02* 5.1 ± 0.07* 5.04 ± 0.06* 

P. pentosaceus CRA51 6.06 ± 0.1 6.75 ± 0.03 7.01 ± 0.03 9.00 ± 0.02 

L. plantarum CRA52 6.07 ± 0.08 6.86 ± 0.11 7.03 ± 0.04 9.0 ± 0.1 

Lactobacillus sp. DF3 6.0 ± 0.02 6.9 ± 0.07 7.97 ± 0.05 9.95 ± 0.06 

L. plantarum DF9 6.12 ± 0.01 6.8 ± 0.1 7.06 ± 0.06 9.0 ± 0.04 

E. faecium DF14 6.10 ± 0.1 6.88 ± 0.02 7.02 ± 0.2 9.0 ± 0.1 

a Viable cell numbers are expressed as mean cell count (log10 CFU/mL) followed by standard deviation 
(SD) value. * indicates p value < 0.05 obtained in a one way ANOVA 
 

may lead to disruption of bacterial membranes and this fact renders bile as a potent 

antimicrobial agent (Begley et al., 2005). Bile tolerance is thus a critical parameter for 

screening probiotic LAB. Interestingly, all the bacteriocin producing LAB strains 

exhibited tolerance towards bile salt as their cell viability proliferated over a period of 

24 h (Table 2.3). This attribute of bile tolerance could also be observed for the standard 

probiotic strain L. rhamnosus GG (Table 2.3) as well as the other reference LAB strains 

used in these experiments (Table A2.1 in Appendix). It is to be noted that the bile 

tolerant bacteriocin producing LAB isolates were obtained from various indigenous 

source (Singh et al., 2012a). Considering the fact that the native LAB isolates in the 

present study were essentially non-human in origin, the bile tolerance observed in these 

isolates is a rather interesting functional attribute. This finding is also analogous to 

earlier reports on the isolation of bile-tolerant LAB of non-intestinal origin                           
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(Burns et al., 2008). Although the tolerance of LAB strains to oxgall bile incorporated 

MRS broth may not strictly represent their ability to tolerate bile in vivo, the inherent 

resistance to physiological concentrations of bile displayed by the native LAB strains 

may stand in good stead for increasing their survival in the intestinal environment. In 

the human GIT, bile salt conjugates are present in high concentrations and some of the 

resident indigenous microflora, which belong to the genera of lactobacilli and 

bifidobacteria, have acquired the capacity to deconjugate bile salts. This ability to 

tolerate bile salts in the intestine has been attributed to the presence of the enzyme bile 

salt hydrolase (BSH; EC 3.5.1.24) that aids in the hydrolysis of glycine- and/or taurine-

conjugated bile salts into amino acid residue and bile acid and thus contributes to the 

detoxification mechanism (Begley et al., 2005). Evidence for relevance of bile salt 

hydrolysis in conferring bile tolerance to LAB strains has been provided in an earlier 

study (Grill et al., 2000).  

 

2.3.2. Detection of bile salt hydrolase gene (bsh) in native L. plantarum   

In the present study, the high bile salt tolerance exhibited by the native LAB strains 

suggested the presence of bile salt hydrolase enzyme in these isolates. Application of 

bsh gene specific primers enabled PCR-based detection of bsh gene in native LAB 

strains of L. plantarum CRA21, CRA38, CRA52 and DF9 (Figure 2.1), which 

suggested that these LAB strains were potential BSH producers. Evidently, all the 

native L. plantarum strains yielded amplicons of 365 bp (Figure 2.1, lane nos. 6-9), 

which coincided with the expected size of bsh gene based on primer design. This was 

corroborated by the fact that the standard L. plantarum strains also produced amplicons 

of the same size (Figure 2.1, lanes nos. 1-4). The bsh gene amplicon of L. plantarum 

CRA38 was sequenced and assigned a GenBank accession number JN831152. BLAST 

analysis of the nucleotide sequence indicated a ~ 99% homology with earlier deposited 

bsh gene sequence (Table A2.2 in Appendix). The presence of bsh gene in                                   

L. plantarum has been reported earlier (Kaushik et al., 2009; Lambert et al., 2008). It 

may be mentioned here that the putative BSH producing native strains of L. plantarum 

also revealed high bile salt tolerance (Table 2.3), suggesting the probable role of BSH 

in conferring bile tolerance trait. 
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Figure 2.1. Agarose gel electrophoresis of PCR amplicons obtained with bsh specific primer 

for L. plantarum strains. Lanes: (1) L. plantarum MTCC 1407, (2) L. plantarum MTCC 1746,                       

(3) L. plantarum NCIM 2083, (4) L. plantarum NCIM 2592, (5) 100 bp DNA ladder marker,                      

(6) L. plantarum CRA21, (7) L. plantarum CRA38, (8) L. plantarum CRA52,                                            

(9) L. plantarum DF9. 

 

2.3.3. Detection of collagen binding protein gene (cnbp) and fibronectin binding 

protein gene (fbp) in native L. plantarum  

All the L. plantarum strains yielded amplicons of expected size in PCR using cnbp 

gene-specific primers (Figure 2.2A). The size of the amplicons obtained from the                      

L. plantarum strains coincided with that of the standard L. plantarum strains (Figure 

2.2A). The cnbp gene amplicon of L. plantarum CRA38 was sequenced and assigned a 

GenBank accession number JQ231230.1. BLAST analysis of the nucleotide sequence 

indicated ~ 99% homology with earlier deposited cnbp gene sequence of L. plantarum 

strains (Table A2.3 in Appendix). The presence of cnbp suggested the potential of                   

L. plantarum strains to adhere onto collagen. It may be mentioned that collagen binding 

protein of L. plantarum has been previously reported to be instrumental in adhesion and 

in reducing the binding of gut pathogen to collagen (Yadav et al., 2013).   

Interestingly, amplicons of expected size in PCR were also obtained using fbp 

gene-specific primer in all of the tested native L. plantarum isolates (Figure 2.2B). The 

size of the amplicons obtained from the native L. plantarum strains were found to 

coincide with that of the standard L. plantarum strains (Figure 2.2B). On performing 

BLAST analysis of the nucleotide sequence, ~ 99% homology could be observed with 

earlier deposited fbp gene sequences of L. plantarum strains (Table A2.4 in Appendix). 

It has been reported previously that binding to fibronectin protein is correlated with 

higher adhesion in in vitro mammalian cells and resected tissues (Kaushik et al., 2009; 

Munoz-Provencio et al., 2009).     
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Figure 2.2. (A) Agarose gel electrophoresis of PCR amplicons obtained with cnbp specific 

primer for L. plantarum. Lanes: (1) L. plantarum MTCC 1746, (2) L. plantarum MTCC 1407,                                 

(3) L. plantarum NCIM 2592, (4) 100 bp DNA ladder marker, (5) L. plantarum CRA21,                                

(6) L. plantarum CRA38, (7) L. plantarum CRA49, (8) L. plantarum CRA52, (9) L. plantarum 

DF9. (B) Agarose gel electrophoresis of PCR amplicons obtained with fbp specific primer for                    

L. plantarum. Lanes: (1) L. plantarum MTCC 1407, (2) L. plantarum MTCC 1746,                                  

(3) L. plantarum NCIM 2083, (4) L. plantarum NCIM 2592, (5) 100 bp DNA ladder marker,                       

(6) L. plantarum CRA21, (7) L. plantarum CRA38, (8) L. plantarum CRA52,                                          

(9) L. plantarum DF9.  

 

2.3.4. Viability of native LAB in simulated gastric fluid (SGF) and simulated intestinal 

fluid (SIF)  

Potential probiotic LAB strains have to survive the harsh environment during 

gastrointestinal transit. In this context, it is imperative that the probiotic LAB are able 

to withstand exposure to gastric and intestinal fluids, which constitute a profound 

environmental stress and are known to have deleterious effect on the viability of 

ingested probiotics (Liong and Shah, 2005). Hence, it is pertinent to determine the 

tolerance of potential probiotic LAB to gastric and intestinal fluids in order to ascertain 

their functionality and their robustness. In the present study, the survival potential of 

native LAB isolates were determined in SGF and SIF by following well established 

protocols (Charteris et al., 1998). The growth of bile salt tolerant native LAB strains 

exposed to SGF and SIF for various time periods was ascertained by a conventional 

plating method. Amongst the tested LAB strains, four native LAB isolates (CRA28, 

CRA52, DF3 and DF9) and the standard LAB strains, L. plantarum MTCC 1407,                    

L. plantarum MTCC 1746 and L. gasseri NRRL B4240 exhibited a progressive loss of 

cell viability with increasing exposure to SGF (Table 2.4, Table A2.5 in Appendix). On 

the basis of statistical analysis, this phenomenon was observed to be significant (p 

value <0.05) and explicit in every time period (Table 2.4, Table A2.5 in Appendix). It 

may also be noted that the LAB isolate DF9 was particularly susceptible as evident 

from the dramatic decrease in viable cells from 0 minute (6.02 ± 0.08 log10 CFU/mL)  
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Table 2.4. Viability of native LAB in simulated gastric fluid (SGF)  
 

Strain a Viable count (log10 CFU/mL)  SD 

 0 min 40 min 80 min 120 min 

L. rhamnosus GG 6.10 ± 0.09 6.06 ± 0.05 6.01 ± 0.01 5.78 ± 0.03* 

Lactobacillus sp. CDRA60 6.12 ± 0.03 6.01 ± 0.01 5.9 ± 0.01 5.4 ± 0.03* 

L.  plantarum CRA21 6.06 ± 0.04 6.01 ± 0.01 5.2 ± 0.07* 5.23 ± 0.04* 

P. acidilactici CRA28 6.08 ± 0.02 5.04 ± 0.02* 4.57 ± 0.15* 4.47 ± 0.02* 

L. plantarum CRA38 6.07 ± 0.04 6.01 ± 0.01 6.00 ± 0.06 5.31 ± 0.1* 

Lactobacillus sp. CRA39 6.00 ± 0.04 5.94 ± 0.05 5.54 ± 0.05* 5.4 ± 0.08* 

L. plantarum CRA49 6.15 ± 0.05 6.0 ± 0.3  5.71 ± 0.02 5.14 ± 0.03* 

P. pentosaceus CRA51 6.02 ± 0.13 6.01 ± 0.07 5.86 ± 0.06 5.77 ± 0.03* 

L. plantarum CRA52 6.02 ± 0.13 6.00 ± 0.05 4.94 ± 0.05* 3.91 ± 0.02* 

Lactobacillus sp. DF3 6.05 ± 0.05 5.45 ± 0.05* 5.1 ± 0.1* 3.81 ± 0.07* 

L. plantarum DF9 6.02 ± 0.08 3.55 ± 0.05* 2.74 ± 0.03* 1.94 ± 0.02* 

E. faecium DF14 6.00 ± 0.17 5.45 ± 0.06* 5.39 ± 0.05* 5.22 ± 0.08* 

a Viable cell numbers are expressed as mean cell count (log10 CFU/mL) followed by standard deviation 
(SD) value. * indicates p value < 0.05 obtained in a one way ANOVA 

 

to 120 min incubation (1.94 ± 0.02 log10 CFU/mL) in SGF as compared to the other 

native LAB strains (Table 2.4). Amongst the native LAB isolates, the strains CRA21, 

CRA39, CRA52 and DF14 exhibited significant reduction in viable cell population, 

when the LAB strains were treated with SGF for 80 min and 120 min. It was also 

evident that for isolate CRA21 and CRA39, there was a one log reduction in cell 

number following 120 min incubation in SGF, whereas for isolate CRA52, the effect of 

SGF on cell viability was more pronounced resulting in 2.0 log reductions in cell 

number (3.91 log10 CFU/mL) (Table 2.4). The bacteriocin producing native LAB 

isolates CDRA60, CRA38 and CRA51 did not reveal any dramatic decrease in cell 

viability when the cells were exposed to SGF up to 80 min. However, upon prolonged 

incubation in SGF for 120 min a significant reduction in cell viability was observed for 

these LAB isolates (Table 2.4). It may be mentioned here that the native LAB isolates  
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Table 2.5. Viability of native LAB in simulated intestinal fluid (SIF) 
 

Strain a Viable count (log10 CFU/mL)  SD 

 0 h 2 h 4 h 6 h 

L. rhamnosus GG 6.10 ± 0.09 6.07 ± 0.1 6.00 ± 0.1 6.00 ± 0.1 

Lactobacillus sp. CDRA60 6.12 ± 0.03 6.10 ± 0.04 6.00 ± 0.1 5.98 ± 0.1 

L.  plantarum CRA21 6.06 ± 0.04 6.04 ± 0.05 5.95 ± 0.12 5.95 ± 0.08 

P. acidilactici CRA28 6.08 ± 0.02 6.01 ± 0.04 6.00 ± 0.05 6.00 ± 0.05 

L. plantarum CRA38 6.07 ± 0.04 6.03 ± 0.06 6.00 ± 0.14 6.00 ± 0.1 

Lactobacillus sp. CRA39 6.00 ± 0.04 6.00 ± 0.07 6.00 ± 0.04 6.00 ± 0.04 

L. plantarum CRA49 6.15 ± 0.05 6.1 ± 0.03 6.02 ± 0.01 6.0 ± 0.07 

P. pentosaceus CRA51 6.02 ± 0.13 6.02 ± 0.06 6.00 ± 0.07 6.00 ± 0.07 

L. plantarum CRA52 6.02 ± 0.13 6.00 ± 0.1 5.93 ± 0.06 5.14 ± 0.2* 

Lactobacillus sp. DF3 6.05 ± 0.05 6.03 ± 0.05 5.98 ± 0.03 5.97 ± 0.04 

L. plantarum DF9 6.02 ± 0.08 6.00 ± 0.2 5.96 ± 0.1 5.95 ± 0.1 

E. faecium DF14 6.00 ± 0.17 5.95 ± 0.05 5.12 ± 0.3* 5.10 ± 0.3* 

a Viable cell numbers are expressed as mean cell count (log10 CFU/mL) followed by standard deviation 
(SD) value. * indicates p value < 0.05 obtained in a one way ANOVA. 
 

CDRA60, CRA38 and CRA51 are non-human in origin. Lactobacillus sp. CDRA60 

was isolated from dahi, which is an acidic fermented milk product, whereas                           

L. plantarum CRA38 and P. pentosaceus CRA51 were isolated from salt fermented 

cucumber (Singh et al., 2012a). It is plausible that the inherent adaptation of these LAB 

strains to an acidic niche enhanced their survival capacity in SGF.  

In contrast to the results obtained in SGF, when the tolerance of native LAB 

isolates to SIF was determined, an overwhelming majority of the strains displayed 

appreciable survival in SIF up to 6 h, with a viable cell number comparable with the 

standard LAB strains (Table 2.5, Table A2.6 in Appendix). In case of                                       

L. plantarum CRA52, cell viability was affected upon extended incubation in SIF for 6 

h, with a one log reduction in cell number (5.14 log10 CFU/mL) (Table 2.5). It was also 

evident that the native LAB E. faecium DF14 appeared to be most susceptible to SIF 
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treatment. While the cell viability of this strain remained unaffected up to 2 h, an 

extended incubation in SIF (4 h and 6 h treatment) resulted in a one log reduction in 

cell viability (Table 2.5). The present study also revealed that certain native LAB 

strains, which were susceptible to SGF (CRA28, DF3, and DF9) could survive in the 

intestinal fluid (Table 2.4 and Table 2.5). This fact suggested that the LAB strains with 

poor gastric tolerance may recover during intestinal transit. The survival capacity of 

non-intestinal native LAB bacteria in a simulated intestinal environment suggested that 

characteristic functional properties of LAB isolated from the intestine may also be 

present in certain LAB strains isolated from fermented foods. On the basis of bile 

tolerance and survival in simulated fluids (Table 2.3, 2.4 and 2.5), it is to be noted that 

amongst the native LAB strains, the dahi isolate Lactobacillus sp. CDRA60, cucumber 

isolates L. plantarum CRA38, Lactobacillus sp. CRA39 and P. pentosaceus CRA51 

and the dried fish isolate E. faecium DF14 are potential probiotics as they demonstrated 

considerable bile tolerance and ability to survive in SGF and SIF. The results obtained 

in the present study through in vitro tolerance tests provide a comparative assessment 

of the probiotic potential of native LAB strains and assist in selection of promising 

strains, which can perhaps be subjected to in vivo studies in future to ascertain potential 

health benefits.  

 

2.3.5. In vitro adhesion to HT-29 cells 

One of the key prerequisites of a probiotic LAB strain is the ability to adhere to mucus 

and intestinal epithelial cells. This intestinal adherence of LAB holds significant 

implications with regard to persistence, refurbishment of damaged mucosa, antagonism 

against pathogens colonizing the intestine and in immunomodulation                           

(Campana et al., 2017; van Beek et al., 2016; Arena et al., 2017; Lebeer et al., 2010). 

A number of in vitro models have been used to evaluate the adhesion of probiotic LAB 

to epithelial cells. Of these, the colon adenocarcinoma cells Caco-2 and HT-29 have 

been extensively used in cell culture experiments (Bermudez-Brito et al., 2013). In the 

present study, HT-29 cells were used to ascertain in vitro adhesion of potential native 

probiotic LAB. These cells have been advocated as an in vitro model of the host 

condition and has been considered as a useful tool for understanding bacteria-

mammalian cell interactions (Langerholc et al., 2011). L. rhamnosus GG was used as a 

positive control strain based on the well documented strong adhesion potential of this 

strain on enterocytes (Ossowski et al., 2010). Adhesion potential of anti-listerial LAB  
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Figure 2.3. Fluorescence-based adhesion assay of LAB strains onto HT-29 cells.  

 

strains was investigated through fluorescence-based method, in which the LAB cells 

were stained with the dye cFDA-SE followed by the adhesion assay. Amongst the 

native LAB, the dried fish isolates Lactobacillus sp. DF3, L. plantarum DF9, and                    

E. faecium DF14 demonstrated highest adhesion capacity, which was found to be 

comparable to that observed for L. rhamnosus GG. An interesting observation was that 

the adhesion ability of the dried fish isolates was far superior to that observed for other 

LAB strains (Figure 2.3). Further, the adhesion potential of the native LAB isolates 

CDRA60, CRA21, CRA28, CRA38, CRA39, CRA51 and CRA52 to HT-29 cells were 

found to be variable (Figure 2.3). It has been suggested earlier that adhesion can be a 

strain-dependent phenomenon and may be influenced by the specific matrix                      

(Jensen et al., 2012; Tallon et al., 2007).  

 

2.3.6. Auto-aggregation ability in native LAB 

The LAB strains investigated in the present study were found to demonstrate varying 

levels of adhesion onto HT-29 cells. It may be mentioned that bacterial adhesion to 

mammalian cells is considered to be a multistep process, which involves interaction 

between the bacterial cell membrane and interacting surfaces (Chagnot et al., 2012). 

Previous investigations have reported that bacterial adhesion to host cells may be 

correlated to the autoaggregation behavior of LAB strains and is implicated in the  
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Figure 2.4. Auto-aggregation assay of LAB strains.  

 

formation of a protective biofilm layer as well as co-aggregation with pathogens 

(MacKenzie et al., 2010; García-Cayuela et al., 2014; Nader-Marcias et al., 2008;                           

Younes et al., 2012). To this end, the propensity of native LAB strains to autoagrregate 

was tested using a standard spectrophotometric method. A primary observation was 

that native LAB isolates, such as L. plantarum DF9, L. plantarum CRA38 and                              

E. faecium DF14 demonstrated high autoaggregation comparable to L. rhamnosus GG 

(Figure 2.4). It may be mentioned here that these LAB strains were also found to 

possess in vitro adhesion comparable to that of L. rhamnosus GG (Figure 2.3). It is 

anticipated that L. plantarum DF9 which possess high adhesion potential and high 

autoaggregation would be a suitable candidate for the mitigation of pathogen from the 

intestinal niche. The autoaggregation behavior of other native LAB (CDRA60, CRA21, 

CRA28, CRA38, CRA39, CRA51 and CRA52) were found to be highly variable and 

substantially less as compared to L. plantarum DF9 or L. plantarum CRA38                    

(Figure 2.4). 

 

2.3.7. Antibiogram assay 

The native LAB strains were found to be susceptible to all tested antibiotics with the 

exception of sulphatriad and colistin sulphate in an antibiogram assay (Table 2.6). An 

Antibiogram assay provides qualitative evidence of sensitivity of a bacterial strain to  
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Table 2.6. Antibiogram assay 
 

Strains Antibiotic  

 
AMP             

(10 µg) 
COL 

(25 µg) 
GEN 

(10 µg) 
STR 

(10 µg) 
TET 

(25 µg) 
CTR 

(25 µg) 
SUL 

(200 µg) 
CEP              

(5.0 µg) 

L.  plantarum 
CRA21 

+ - + + + + - + 

L.  plantarum 
CRA38 

+ - + + + + - - 

L.  plantarum 
CRA49 

+ - + + + + - + 

P. pentosaceus 
CRA51 

+ - + + + + - + 

L.  plantarum 
CRA52 

+ - + + + + - + 

Lactobacillus 
sp. DF3 

+ - + + + + - + 

L.  plantarum 
DF9 

+ - + + + + - - 

 
AMP: Ampicillin; COL: Colistin sulfate; GEN: Gentamicin; STR: Streptomycin; TET: Tetracycline;                      
CTR: Co-trimixazole; SUL: Sulphatriad; CEP: Cephalothonin  
+ Sensitive; - Resistant.  
 

the tested antibiotics (Reller et al., 2009). Interestingly, the native LAB isolates were 

found to be susceptible to antibiotics such as tetracycline, ampicillin and gentamicin 

(Table 2.6), which are known to be used clinically for the mitigation of gastrointestinal 

pathogens (Fouhy et al., 2012; Francino, 2015). Further, the native LAB strains were 

found to be susceptible to cephalothin, an antibiotic belonging to the cephalosporin 

family, which is often used as animal feed (Francino, 2015). Importantly, all of the 

tested LAB strains demonstrated susceptibility to co-trimoxazole, a combinatorial 

antibiotic, underpinning the safety of these LAB strains. The lack of resistance trait in 

the LAB strains against these clinically relevant antibiotics is a beneficial attribute as it 

implies that these LAB strains are unlikely to disseminate the resistance trait to 

opportunistic pathogens residing in the gut. This tenet is particularly encouraging 

considering that these LAB strains can be used as therapeutic interventions in 

combination with antibacterial molecules for mitigation of gastrointestinal pathogens.  
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2.4. Significant Findings 

The salient findings of the present study can be enlisted as follows:  

1. In the present investigation, native bacteriocin–producing LAB strains were 

subjected to in vitro experiments to evaluate certain quintessential probiotic 

features. The revelations of the in vitro tests were interesting since native LAB 

isolates obtained from non-human source such as dahi, dried fish and fermented 

cucumber displayed functional traits, which are typically associated with 

potential probiotics. 

2. The native LAB strains were found to demonstrate tolerance to the presence of 

oxgall bile salt, simulated gastric fluid and simulated intestinal fluid. It is 

anticipated that these native LAB isolates may be able to survive during 

gastrointestinal transit.  

3. On performing in vitro adhesion assay on HT-29 cells, L. plantarum DF9 and                    

L. plantarum CRA38 were found to demonstrate adhesion comparable to that 

observed for other standard LAB strains. Interestingly, these native LAB 

isolates were also found to possess high auto-aggregating ability, indicating a 

probable cause for their high adhesion potential to model intestinal cells.  

4. The native LAB were also found to be sensitive to some of the clinically 

relevant therapeutic antibiotics, emphasizing their safety for healthcare 

applications.    

 

Based on the leads obtained in the study, it was evident that certain LAB strains                        

such as L. plantarum CRA21, CRA38, CRA52 and DF9 displayed characteristic 

attributes associated with standard probiotic strains such as L. rhamnosus GG. Further, 

these native LAB isolates were also found to possess bile salt hydrolase (bsh) gene, 

collagen-binding protein (cnbp) gene and fibronectin-binding protein (fbp) gene. It is 

anticipated that the presence of these genes may enhance their ability to interact with 

the components of extracellular matrix (ECM). On the basis of this tenet, the next 

chapter highlights the detailed study on the adhesion potential of these 

bacteriocinogenic LAB strains on extracellular matrix protein (ECM) molecules, 

collagen and mucin and illustrates their ability to inhibit adhesion of model pathogens 

on ECM.  
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Inhibition of Pathogen Adhesion onto                                
Extracellular Matrix (ECM) by Native LAB 

 
This chapter essentially describes the ability of native LAB strains to inhibit the 

adhesion of model pathogens onto extracellular matrix (ECM). The nuances of the 

adhesion process and inhibition of pathogen adhesion on ECM by LAB are illustrated 

in detail.  
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ABSTRACT 

In the present study, the adhesion of bacteriocin producing native strains of 

Lactobacillus plantarum onto extracellular matrix (ECM) proteins such as collagen and 

mucin and their potential to prevent pathogen adhesion onto ECM was evaluated. 

Fluorescence-based in vitro assays indicated that the L. plantarum CRA21,                           

L. plantarum CRA38 and L. plantarum CRA52 displayed considerable adhesion onto 

ECM molecules, which was found to be comparable to that observed for the probiotic 

L. rhamnosus GG. Flow cytometry-based quantitative assessment of the adhesion 

suggested that L. plantarum CRA21 exhibited superior adhesion onto ECM as 

compared to other native LAB strains. Estimation of the adhesion process parameters 

indicated that, on collagen-coated wells, the dissociation constant (kd) for L. plantarum 

CRA21, L. plantarum CRA38 and L. plantarum CRA52 was more or less similar, 

while L. plantarum CRA21 displayed the highest value for maximum number of 

adhered bacteria (em) (2.43 log10 CFU per well). On mucin-coated wells, L. plantarum 

CRA52 demonstrated lowest kd (7.58 log10 CFU per well) indicating a superior binding 

affinity as compared to the other native L. plantarum strains. Further, L. plantarum 

CRA21 was found to possess the highest em (1.32 log10 CFU/mL) on mucin-coated 

wells. Furthermore, fluorescence-based assays suggested that the highest inhibition of 

S. aureus MTCC 96 adhesion onto collagen and mucin by L. plantarum strains was 

observed in the exclusion mode as compared to competition and displacement mode. 

This observation was also supported by the higher binding affinity (kd) for ECM 

exhibited by the L. plantarum strains as compared to S. aureus strain. Further,                        

L. plantarum CRA21 demonstrated the highest inhibition (83.61% ± 1.74) as compared 

to the other native L. plantarum strains. Interestingly, a crude plantaricin A extract 

obtained from the native L. plantarum strains displayed potent antibacterial activity on 

ECM-adhered S. aureus MTCC 96 cells. It is envisaged that the L. plantarum isolates 

displaying bacteriocinogenic and ECM-adhering traits can perhaps be leveraged to 

develop safe antibacterial therapeutic agents.    
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3.1. Introduction 

Lactic acid bacteria (LAB) play a pivotal role in food fermentation processes and have 

been traditionally employed to develop a wide range of fermented food products owing 

to their significant contributions towards flavor, aroma, and texture (Coolbear et al., 

2008; Leroy and De Vuyst, 2004). In recent times, LAB have also emerged as safe 

candidates for food safety applications and pathogen mitigation as literature reports 

have demonstrated the inherent ability of LAB strains to produce antimicrobial peptides 

such as bacteriocins, which are known to act against pathogenic bacteria (Cotter et al., 

2005; Cotter et al., 2013; Drider et al., 2006; Jones et al., 2008; O’Connor et al., 2015; 

Umu et al., 2016; Chikindas et al., 2018). In addition, LAB have also drawn attention 

as probiotic candidates, which can significantly influence the activity and composition 

of the gut microbiota (Pamer, 2016). In particular, Lactobacillus rhamnosus GG has 

been extensively studied and is being marketed as a probiotic under the names- 

ActifitPlus®, Gefilus®, LGG®, Onaka He GG®, VifitThus® (Doron et al., 2005; 

Saxelin et al., 2005). Several literature reports have suggested that LAB strains exhibit 

traits such as tolerance to low pH, digestive enzymes and bile (Begley et al., 2006; De 

Vries et al., 2006; Ouwehand et al., 2002; Rastall et al., 2005). These traits are likely to 

enhance the resilience of LAB strains during gastrointestinal (GI) transit. Furthermore, 

the ability of probiotic LAB to prevail in the intestinal milieu and render significant 

health benefits is vindicated by their inherent ability to adhere to intestinal cells, their 

antagonistic activity against pathogens known to invade the GI tract and their 

significant role in healing of damaged mucosa and immunomodulation                          

(Alander et al., 1999; Collado et al., 2007; Elliott et al., 1998; Pagnini et al., 2010; 

Reid and Burton, 2002; Zhou and Gill, 2005; Mujagic et al., 2017).   

 Apart from their conventional food applications, LAB are heavily sought as 

compelling scientific evidence seems to suggest that they can significantly impact the 

activity and composition of human intestinal microbiota (Priedis et al., 2011;                             

Shanahan,  2010; Patel and DuPont, 2015; Guandalini, 2011). Based on this premise, 

probiotic LAB have been positioned in the vanguard of healthcare applications. 

Probiotic LAB can prevent pathogen colonization in the intestine by occupying sites 

and producing bacteriocins and other metabolites (Gopal et al., 2001; Lee et al., 2003;                          

Millette et al., 2008; O’Shea et al., 2012; Vitetta et al,. 2014). Several reports describe 

the beneficial effects of Lactobacillus species on the gastrointestinal tract (GIT) 

(Bernbom et al., 2009; Guarner and Malagelada, 2003; O’Callaghan et al., 2012; 
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Walter, 2008; Hungin et al., 2013). Adhesion to extracellular matrix (ECM) and 

intestinal cells is a key attribute of probiotic strains (Lebeer et al., 2010;                            

Lee et al., 2004; Ouwehand and Salminen, 2003; Reid and Burton, 2002, Prince et al., 

2012). Certain lactobacilli have been shown to have an inclination to adhere to ECM 

molecules such as collagen and mucin and can thus be applied for inhibition of 

pathogen adhesion (Lorca et al., 2002; Miyoshi et al., 2005; Ouwehand et al., 2001; 

Munoz-Provencio et al., 2009; Velez et al., 2007; Vesterlund et al., 2005;                          

Yadav et al., 2013, García-Cayuela et al., 2014). Furthermore, mucin binding 

lactobacilli have been shown to inhibit attachment of opportunistic pathogens and this 

is noteworthy since several enteric pathogens have evolved mechanisms to breach the 

mucosal barrier (McGuckin et al., 2011; Shanahan, 2010). 

 Amongst the gut-colonizing pathogens, emerging literature reports have 

elucidated the detrimental implications of colonization by S. aureus (Acton et al., 2009;                               

Yan et al., 2014). S. aureus is known to be equipped with adhesins known as microbial 

surface component recognizing adhesive matrix molecules (MSCRAMMs) for binding 

to ECM molecule such as collagen (Foster et al., 2014). On the other hand, reports also 

suggest that binding to mucin is perhaps critical for S. aureus pathogenesis and 

persistence in intestine (Gries et al., 2005; Vesterlund et al., 2006). Given this 

backdrop, there is a need to conceive alternate therapeutic approaches, which could 

adequately combat colonization of ECM by S. aureus. Although LAB have a long 

history of safe use in food and agriculture industry, food isolates of LAB having 

probiotic traits also offer an exciting prospect of developing a safe LAB-based anti-

bacterial regime, given their inherent propensity to survive in the harsh gastrointestinal 

niche and their ability to adhere onto ECM and host intestinal cells and thereby prevent 

pathogen adhesion. Further, it can be conceived that a bacteriocin producing probiotic 

LAB may acquire a competitive advantage and constitute a dual armament. The LAB 

strain itself can be explored as an anti-adhesion agent, while the bacteriocin produced 

by the strain may serve as a safe therapeutic antibacterial. Based on this premise, herein 

we report the adhesion of bacteriocin producing native isolates of L. plantarum and 

their potential to inhibit the adhesion of model pathogen, S. aureus MTCC 96, onto 

ECM molecules, collagen and mucin in an in vitro model.  
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3.2. Materials and Methods 

3.2.1. Reagents and growth media 

5 (and 6) carboxyfluorescein diacetate succinimidyl ester (cFDA-SE), sodium dodecyl 

sulphate (SDS), Tween 20, collagen type I derived from human placenta, mucin 

derived from porcine stomach were obtained from Sigma Aldrich, USA. Brain-Heart 

Infusion (BHI) broth, de Man, Rogosa and Sharpe (MRS) broth, urea, sodium 

hydroxide and crystal violet were procured from HiMedia, Mumbai, India. 

 

3.2.2. Bacterial strains 

The standard LAB and the bacteriocinogenic native LAB used in this investigation is 

listed in Table 2.1 indicated in Chapter 2. The strains were grown as per the conditions 

described previously in section 2.2.2. in Chapter 2. The target pathogens used in the 

present investigation comprised of Listeria monocytogenes Scott A (L. monocytogenes 

Scott A), Enterococcus faecalis MTCC 439 (E. faecalis MTCC 439) and 

Staphylococcus aureus MTCC 96 (S. aureus MTCC 96). Prior to experiments, the 

bacterial strains were propagated in BHI broth at 37 °C and 180 rpm for 12 h.       

 

3.2.3. Adhesion of L. plantarum strains onto collagen and mucin 

Collagen and mucin binding was performed as described in a previous report                   

(Munoz-Provencio et al., 2009). Stock solution of collagen was prepared in filter 

sterilized PBS (pH 5.5) to a final concentration of 1.0 mg/mL and stored at -20 °C prior 

to experiments. Stock solution of mucin was prepared in 0.1 M acetate buffer (pH 5.0) 

to a final concentration of 1.0 mg/mL and stored at 4 °C prior to experiments. Briefly, 

96-well microtitre plates (Maxisorp, Nunc) were coated with collagen and mucin 

overnight at 4 °C at a concentration of 50 µg/mL and 500 µg/mL, respectively. 

Following coating, the wells were washed with sterile PBS thrice and blocked with 0.1 

% (v/v) Tween 20 for 1 h. The adhesion potential of L. plantarum strains to collagen 

and mucin was studied by crystal violet staining, fluorescence-based adhesion assay 

and flow cytometry as described in the following sections.   

 

3.2.3.1. Crystal violet staining 

The standard LAB strains and natural LAB strains were grown overnight, harvested by 

centrifugation, washed and resuspended in sterile PBS to an OD600 of 1.0. 

Subsequently, 100 µL of cells was added to the collagen- or mucin-coated well and 
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incubated overnight at 4 °C. Non-adhered cells were aspirated from the wells and the 

wells were washed thrice with sterile PBS having 0.05% (v/v) Tween 20 and air dried 

in a laminar hood. Crystal violet was then added to the wells at a final concentration of 

1.0 mg/mL and incubated for 45 min. The dye solution was aspirated, followed by three 

PBS washes and subsequently, 50 mM citrate buffer (pH 4.0) was added to the wells 

and incubated for 45 min.  The absorbance of the solution was measured at 595 nm in a 

multiplate reader (Infinite M200, Tecan, Austria). To quantify the adhesion ability of 

the selected LAB strains as compared to L. rhamnosus GG, the absorbance obtained for 

the tested strain was compared with that obtained in case of L. rhamnosus GG and 

expressed as percentage adhesion potential as compared to L. rhamnosus GG. All the 

experiments were performed in triplicates and mean and standard deviation was 

calculated. Statistical analysis was performed by a one-way analysis of variance 

(ANOVA) using Sigma Plot version 11.0.       

 

3.2.3.2. Fluorescence-based adhesion assay  

The reference and native LAB strains were grown overnight, harvested by 

centrifugation, washed and resuspended in sterile PBS to OD600 of 1.0. Fluorescence 

labelling of LAB strains with cFDA-SE was accomplished as described previously 

(Singh et al., 2012a). The solution fluorescence of a 100 µL aliquot of the cFDA-SE-

labelled LAB strains was measured in a multiplate reader (Infinite M200, Tecan, 

Austria) and considered as total fluorescence (FT). Subsequently, 100 µL aliquot of 

cFDA-SE-labelled LAB cells were added to collagen or mucin-coated wells and 

incubated overnight at 4 °C. Following incubation, non-adhered LAB cells were 

aspirated and their fluorescence intensity was measured (FNA).  

A quantitative measure of LAB adhesion (FA) to collagen and mucin was 

calculated from the following expression: 

 

 

To quantify the adhesion potential of the selected LAB strains as compared to                                  

L. rhamnosus GG, the following expression was used:  
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Figure 3.1. Schematic representation of the experimental protocol for fluorescence-based 

adhesion assay on ECM.  

 
Where F* represents the quantitative measure of adhered cells of L. rhamnosus GG on 

ECM molecules. All the experiments were performed in triplicates and mean and 

standard deviation was calculated. The adhered cells were also observed under 

fluorescence microscope (Eclipse Ti-U, Nikon, USA) with a filter that allowed blue 

light excitation at 465 nm to 495 nm for cFDA-SE stained cells. A schematic for the 

protocol for fluorescence-based adhesion assay is indicated in Figure 3.1.   

 

3.2.3.3. Flow cytometry analysis of adhesion to ECM  

The adhesion of L. rhamnosus GG and the strains of L. plantarum to collagen and 

mucin was evaluated by flow cytometry (FCM), which was performed on a FACS 

Calibur flow cytometer (Becton-Dickinson Immunocytometry Systems, San Jose, CA, 

USA) equipped with a 15-mW, 488 nm, air-cooled argon ion laser. LAB cells were 

grown for 6 h, harvested and labelled with cFDA-SE as mentioned in an earlier study 

(Singh et al., 2012a). A 100 µL aliquot of cFDA-SE labelled bacterial cells (108 

CFU/mL) was then incubated overnight at 4 °C in microtitre plate wells coated with 

collagen or mucin. In another set of microtitre plate wells devoid of collagen or mucin, 
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cFDA-SE labelled bacteria was incubated for the same period of time and was 

considered as control cells. Subsequently, the supernatant containing non-adhered LAB 

cells were aspirated from both sets of wells and diluted in 1.0 mL filter-sterilized PBS 

(pH 7.4). The aspirated cells were subjected to FCM analysis at a low flow rate setting 

and the instrument was adjusted to acquire 30,000 events. Unlabelled cells were used to 

compensate for cellular autofluoresence and to set the appropriate voltage and threshold 

parameters. Forward-angle light scatter (FSC) vs. side scatter (SSC) plot were analyzed 

to detect bacterial cells. Detection of green fluorescence of cFDA stained cells was 

accomplished through FL1 channel (band pass filter of 530 nm). Data acquisition was 

performed with CellQuest Pro software (BD CellQuestTM Pro Version 6.0, Becton-

Dickinson, USA). Data analysis was performed with the assistance of FCS Express 5.0 

(DeNovo Software Inc.).          

 

3.2.4. Dose-dependent adhesion of L. plantarum strains to collagen and mucin 

L. rhamnosus GG, L. plantarum strains CRA21, CRA38 and CRA52 and                                  

S. aureus MTCC 96 were grown overnight, harvested and labelled with cFDA-SE as 

described earlier. To ascertain the dose-dependent adhesion of the strains, 100 µL 

aliquot of cFDA-SE labelled cells of the bacterial strains were added in the range of 2.0 

log10 CFU per well to 8.0 log10 CFU per well to collagen- or mucin-coated 96-well 

microtitre plate wells and a fluorescence-based adhesion assay for each cell 

concentration was performed as described in section 3.2.2.2. The solution fluorescence 

of a 100 µL aliquot of the cFDA-SE-labelled LAB strains of varying cell number (2.0 

log10 CFU per well to 8.0 log10 CFU per well) was measured in a multiplate reader 

(Infinite M200, Tecan, Austria) and considered as total fluorescence (FT). For each 

LAB strain, the dose-dependent adhesion onto collagen- or mucin-coated wells was 

quantified by determining FA using the following expression: 

 

 

 

Subsequently, for every LAB strain and at each cell number, adhesion onto collagen- or 

mucin-coated wells was ascertained by the following expression:  
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Figure 3.2. Schematic representation of the adhesion process of LAB cells on ECM molecule, 

collagen or mucin.  

 

The adhesion percentage was considered to represent the LAB-ECM complex (ex). 

Each experiment was performed in triplicate and the result was represented as mean ± 

standard deviation. Subsequently, the maximum number of adhered bacteria (em) and 

the dissociation constant (kd) for the adhesion process was essentially ascertained by 

the method described previously (Lee et al., 2000) and is as follows:   

 

A schematic for the interaction between bacterial cells and ECM molecules is indicated 

in Figure 3.2. There are two assumptions in the adhesion of bacteria on ECM 

molecules:  

1. The adhesion process between the bacterial cells and ECM molecules is in 

equilibrium. This condition may be met if the tested strain do not penetrate 

ECM molecules during the duration of the experiment.  

2. Additionally, it is assumed that the concentration of the bacterial culture 

remained the same during the course of the study, which implies that the 

concentration of the bacterial culture could be considered to be equal to the 

initial bacterial concentration. This condition can be met if the total number of 

bacterial cells far exceed the number of bacterial cells adhering onto the ECM 

molecules. 

In the simple adhesion model illustrated in Figure 3.2, if X is the concentration of the 

bacterial culture added, e is the initial ECM molecule concentration and ex is the 

concentration of the LAB-ECM complex, then the concentration of free ECM molecule  

will be (e - ex). Considering that the interaction between LAB and ECM is in 

equilibrium, the dissociation constant for the adhesion process, kd, can be expressed as 

follows: 
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Figure 3.3. (A) Representative plot of bacteria bound to ECM against the total bacteria used for 

the assay (B) Double reciprocal plot for (A). 

 

 

On inserting the variables for the forward and reverse rate constants in equation 3.5: 

 

 

On rearrangement of equation 3.6, 

 

 

When the number of total bacterial cells (X) far exceed the dissociation constant (kd), ex 

approaches e and is considered as maximum number of adhered bacterial cells (em).  

On replacing e with em in equation 3.7: 

 

On plotting bacteria bound (ex) against total concentration of bacteria (X) used for the 

assay, a rectangular hyperbolic curve is obtained (Figure 3.3A).   

The reciprocal of equation 3.8 yields:  
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On plotting 1/ex against 1/X, the intercept on the ordinate (1/em) and the abscissa (-1/kd) 

can be used to ascertain the adhesion process parameters em and kd, respectively (Figure 

3.3B).   

 

3.2.5. Inhibition of S. aureus MTCC 96 adhesion onto ECM by L. plantarum  

Cells of L. plantarum strains CRA21, CRA38, CRA52 and L. rhamnosus GG were 

grown in MRS and cells of S. aureus MTCC 96 were grown in BHI broth for 6 h each. 

The cells were then harvested by centrifugation, washed and resuspended in sterile PBS 

to an OD600 of 1.0. Cells of S. aureus MTCC 96 were then labelled with cFDA-SE 

following the protocol described in an earlier study (Singh et al., 2012a) and its 

fluorescence intensity was measured (FT) using a multi-well plate reader (Infinite 

M200, Tecan, Austria). To determine the ability of LAB strains to inhibit S. aureus 

adhesion, three experimental models namely exclusion, competition and displacement 

were adopted. In case of exclusion, cells of LAB (6.0 log10 CFU per well) were first 

added to 96-well microtitre plates (Maxisorp, Nunc) coated with either collagen (50 

µg/mL) or mucin (500 µg/mL) and incubated for 1 h, followed by washing and removal 

of non-adherent LAB by sterile PBS. Subsequently, cFDA-SE labelled cells of                      

S. aureus MTCC 96 (6.0 log10 CFU per well) were added to collagen- or mucin-coated 

wells bearing adherent LAB and further incubated for 1 h. In competitive inhibition 

assays, LAB cells as well as cFDA-SE labelled cells of S. aureus MTCC 96 (6.0 log10 

CFU per well for each) were added simultaneously to ECM-coated wells and incubated 

for 2 h. In the displacement mode, cFDA-SE labelled S. aureus MTCC 96 cells in PBS 

(6.0 log10 CFU per well) were added to ECM-coated wells and incubated for 1 h. The 

wells were then washed with sterile PBS to remove the non-adherent bacteria. 

Subsequently, cells of LAB (6.0 log10 CFU per well) were added to the wells and 

incubated for 1 h. The non-adherent S. aureus cells from all the experimental samples 

were aspirated from ECM-coated wells and their fluorescence intensity (FNA) was 

measured using a multi-well plate reader (Infinite M200, Tecan, Austria). Adhesion of                  

S. aureus for each experimental setup in collagen and mucin coated wells was 

determined by calculating the difference between FT and FNA, respectively. The results 

were represented as percentage inhibition by comparing the adhesion obtained for each 

mode of inhibition with that obtained without addition of any L. plantarum cells. Each 

experiment was performed in triplicate and the result was represented as mean ±  
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Figure 3.4. Schematic representation for the experimental protocol of the adhesion inhibition 

of model pathogen by LAB cells on ECM.  

 

standard deviation. The adhered cFDA-SE labelled S. aureus cells in the three adhesion 

modes were also observed under fluorescence microscope (Eclipse Ti-U, Nikon, USA) 

with a filter that allowed blue light excitation for cFDA-SE. A schematic for the 

protocol of LAB cell-mediated adhesion inhibition is indicated in Figure 3.4. 

 

3.2.6. Effect of plantaricin A extract on S. aureus MTCC 96 cells adhering on collagen 

and mucin 

Initially, bacteriocin producing L. plantarum strains CRA21, CRA38 and CRA52 were 

grown overnight in 10.0 mL sterile MRS broth, followed by centrifugation to separate 

the bacterial cells. The supernatant was then extensively dialyzed in a 1.0 kDa MWCO 

dialysis bag, followed by freeze drying and reconstitution in 1.0 mL of sterile PBS. The 

reconstituted fraction was considered as a crude plantaricin A extract. The bacteriocin 

activity in this extract was ascertained by spot-on-lawn method and expressed as 

arbitrary units per mL (AU/mL) as described in a previous study (Singh et al., 2012a). 

Prior to testing the effect of plantaricin A extract on S. aureus cells adhering onto 

collagen and mucin, the target cells were labelled with cFDA-SE following the protocol 

described in an earlier study (Singh et al., 2012a) and its fluorescence intensity was 

measured (FT) using a multi-well plate reader (Infinite M200, Tecan, Austria). 

Subsequently, the cells were allowed to adhere onto collagen or mucin coated wells for 

2 h followed by aspiration of non-adhered cells and washing to remove sparsely 

adhered cells. To each well, a crude plantaricin A extract obtained from the                            

L. plantarum strains was added at a final concentration of 400 AU/mL. Following 

incubation for 2 h, the supernatant was gently aspirated, centrifuged to remove any 

cells and the fluorescence intensity of the collected supernatant (FS) was measured 
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using a multi-well plate reader (Infinite M200, Tecan, Austria). The results were 

expressed as percentage leakage by comparing FS to FT in the experiments involving 

plantaricin A extract from each L. plantarum strain. Each experiment was performed in 

triplicate and the result was represented as mean ± standard deviation. The adhered 

cFDA-SE labelled S. aureus cells following treatment with plantaricin A extract were 

also observed under fluorescence microscope (Eclipse Ti-U, Nikon, USA) with a filter 

that allowed blue light excitation for cFDA-SE.  

 

3.3. Results and Discussion  

3.3.1. Adhesion to collagen and mucin by L. plantarum strains 

In an earlier study, L. plantarum strains were isolated from various indigenous sources 

and were characterized as potent bacteriocin producers (Singh et al., 2012a). Further in 

the present study, the LAB strains were also observed to possess archetypical probiotic 

attributes (Chapter 2). With an aim to expand the prospect of these strains, it was 

envisaged that estimation of the adhesion potential of the strains to extracellular matrix 

(ECM) would be important, as adhesion to ECM molecules such as collagen and mucin 

is considered as a cardinal feature of probiotic strains (Lebeer et al., 2008). The 

propensity of the pathogen S. aureus to colonize the intestine in conjunction with its 

ability to adhere onto ECM molecules is a serious healthcare concern and can be 

implicated in various ailments (Acton et al., 2009; Bhalla et al., 2007; Foster et al., 

2014; Gries et al., 2005; Hansen et al., 2006). In this context, probiotic LAB strains 

having an ability to adhere onto ECM such as collagen and mucin could emerge as an 

interesting therapeutic intervention to prevent invasion of ECM by S. aureus. In order 

to vindicate the potential of the L. plantarum strains to adhere onto ECM, conventional 

in vitro binding assays with collagen and mucin were pursued. Prior to the binding 

assays, the L. plantarum strains were labelled with the fluorescent dye cFDA-SE, based 

on previous investigations, which established that cFDA-labelling of LAB strains 

retained the viability of the cells and did not affect their adhesion in in vitro cell culture 

models (Fuller et al., 2000; Singh et al., 2012). It may be mentioned that for the 

adhesion assays, L. rhamnosus GG was selected as a standard probiotic strain                        

(Doron et al., 2005) for comparative evaluation. Collagen binding assay revealed that 

the native LAB strains L. plantarum CRA21, CRA38 and CRA52 displayed high in 

vitro adhesion to human collagen type I (95%-97% adhesion potential) and was on par 

with the standard probiotic strain L. rhamnosus GG whose adhesion potential was  
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Figure 3.5. Fluorescence-based adhesion assay of L. plantarum strains onto (A) collagen and                

(B) mucin.  

 

considered to be 100% (Figure 3.5A). Comparative analysis also indicated that                        

L. plantarum DF9 demonstrated considerably lower adhesion potential to collagen 

(Figure 3.5A). Interestingly, the trend of in vitro adhesion to collagen demonstrated by 

the L. plantarum strains was also observed with crystal violet staining (Figure A3.1A in 

Appendix). Further, the native LAB isolates, L. plantarum CRA21, CRA38 and 

CRA52, which had earlier displayed considerable adhesion to collagen, were also 

observed to exhibit high in vitro adhesion potential to mucin, which was comparable to 

that observed for L. rhamnosus GG and L. plantarum MTCC 1407 (Figure 3.5B). It 

may be mentioned that amongst the L. plantarum strains, CRA49 and DF9 revealed 

lower adhesion potential to mucin. The trend of adhesion potential of L. plantarum 

strains to mucin observed by fluorescence-based method was also corroborated by 

crystal violet staining (Figure A3.1B in Appendix). In the context of collagen and 

mucin adhesion potential, the minor variations in the results obtained in the 

fluorescence-based assay and crystal violet staining method could perhaps be attributed 

to the variations in the sensitivity of the methods as well as the inherent differences in 

ECM binding amongst the strains. In the present study, cFDA-SE labelling rendered a 

convenient analytical tool and enabled tracking of the adhesion of L. plantarum strains 

onto collagen and mucin. The manifestation of bright green fluorescent cells of the  
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Figure 3.6. Fluorescence microscope analysis of cFDA-labelled LAB adhered onto (i-iv) 

collagen and (v-viii) mucin. Panels: (i and v) L. rhamnosus GG (ii and vi) L. plantarum 

CRA21, (iii and vii) L. plantarum CRA38, (iv and viii) L. plantarum CRA52. Scale bar for the 

images is 200 µm. 

 

L. plantarum cells adhering onto the selected ECM (Figure 3.6, panels i-viii) provided 

additional qualitative evidence for their adhesion.  

The adhesion of LAB strains onto collagen and mucin was also investigated by 

flow cytometry. In these experiments, the LAB strains were labelled with cFDA-SE 

prior to adhesion assays. From the contour plots obtained in flow cytometry, the 

essential observation was that the median of the cell population shifted when the non-

adhered cells were analyzed as compared to the initial cells (total cells) that were 

subjected to adhesion on collagen and mucin (Figure 3.7). This observation was 

unequivocal across all the LAB strains tested and was quantitatively verified by 

statistical analysis through comparison of the median for the cell populations (Table 

3.1). Collectively, the shift in the median in contour plots (Figure 3.7) in conjunction 

with quantitative analysis of the median (Table 3.1) reflected the propensity of the 

native L. plantarum strains to adhere onto collagen and mucin and corroborated the 

earlier results (Figure 3.5A-3.5B).  
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Figure 3.7. Flow cytometry analysis of adhesion of LAB strains onto collagen and mucin 

adhesion assay. Panels: (A-C) L. rhamnosus GG, (D-F) L. plantarum CRA21, (G-I)                  

L. plantarum CRA38 and (J-L) L. plantarum CRA52. 
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Table 3.1. Analysis of median for various cell populations used in flow cytometry to 

study adhesion of LAB strains onto collagen and mucin.  

LAB strain Cell population Median 

 

 

L. rhamnosus GG 

Cells labelled with cFDA-SE  523.3 

Non-adhered cells from collagen 

binding   

321.97 

Non-adhered cells from mucin 

binding 

294.27 

 

 

L. plantarum CRA21 

Cells labelled with cFDA-SE  736.53 

Non-adhered cells from collagen 

binding  

264.16 

Non-adhered cells from mucin 

binding 

268.96 

 

 

L. plantarum CRA38 

Cells labelled with cFDA-SE  513.97 

Non-adhered cells from collagen 

binding  

299.61 

Non-adhered cells from mucin 

binding 

261.8 

L. plantarum CRA52 

Cells labelled with cFDA-SE 276.32 

Non-adhered cells from collagen 

binding  

165.48 

Non-adhered cells from mucin 

binding 

182.69 

 

3.3.2. Quantitative analysis of binding to collagen and mucin 

The subsequent endeavor was to accomplish a comparative and quantitative appraisal 

of the in vitro adhesion of L. plantarum strains onto ECM and to determine their 

binding affinities. On the basis of their adhesion potential on ECM, L. plantarum 

strains CRA21, CRA38 and CRA52 were selected for these experiments along with the 

reference probiotic L. rhamnosus GG. A fluorescence-based adhesion assay on 

collagen and mucin indicated a systematic increase in adhesion for all the tested strains, 

with increasing cell concentrations up to 6.0 log10 CFU per well (Figure 3.8). At higher 

cell concentrations (7.0 and 8.0 log10 CFU per well), the increase in adhesion was  
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Figure 3.8. Concentration-dependent adhesion of LAB strains onto (A) collagen and (B) 

mucin. 

 

minimal, indicating a saturation effect (Figure 3.8). At the highest initial cell 

concentration of 8.0 log10 CFU per well, the maximum adhesion on collagen was 

demonstrated by L. rhamnosus GG (48%) followed by the L. plantarum strains CRA21 

(31%), CRA38 (25%) and CRA52 (24%), respectively (Figure 3.8A). A similar trend 

was also observed in case of adhesion on mucin (Figure 3.8B).           

When the reciprocal plots were analyzed, a linear relationship emerged in case 

of L. rhamnosus GG (Figure 3.9A-B). However, in case of the L. plantarum strains, 

two distinct linear sections could be discerned (Figure 3.9C-H). This observation 

suggested that the L. plantarum strains perhaps display two exclusive modes of binding 

to collagen and mucin. Presumably, one of them represents adhesion for a high 

bacterial cell number, which may be attributed to non-specific interactions such as van 

der Waals and hydrophobic interactions. On the other hand, the other linear region of 

the plot accounts for adhesion to collagen and mucin at lower cell concentrations, 

which is represented by a specific adhesion mechanism. This bimodal phenomenon of 

adhesion onto ECM by LAB strains has been described in earlier studies (Lee et al., 

2000; Vesterlund et al., 2006). The comparative adhesion potential of the LAB strains 

onto ECM was also ascertained through estimation of quantitative parameters such as 

maximum number of bacteria bound to ECM (em) and the dissociation constant (kd). In 

case of adhesion to collagen, the essential observation was that the maximum number 

of adhered cells for all the LAB strains was comparable (Table 3.2). Further, the 

dissociation constant of the tested LAB strains for the adhesion process onto collagen  
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Figure 3.9. Double reciprocal plot for concentration-dependent adhesion of LAB strains onto                

(A, C, E and G) collagen and (B, D, F and H) mucin. Panels: (A and B) L. rhamnosus GG,                 

(C and D) L. plantarum CRA21, (E and F) L. plantarum CRA38, (G and H) L. plantarum 

CRA52.                 
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Table 3.2. Quantitative parameters for the adhesion process of LAB strains on collagen and 

mucin  

LAB strains Adhesion on collagen Adhesion on mucin 

 

Maximum 
number of  

adhered bacteria      
(em) 

log10 CFU 
per well 

Dissociation 
constant        

(kd) 
log10 CFU               
per well 

Maximum 
number of  

adhered bacteria                        
(em) 

log10 CFU 
per well 

Dissociation 
constant                    

(kd) 
log10 CFU                
per well 

L. rhamnosus GG 2.26 9.25 1.78 8.48 

L. plantarum CRA21 2.43 9.97 1.32 7.97 

L. plantarum CRA38 2.22 9.9 1.16 7.83 

L. plantarum CRA52 2.02 9.94 1.00 7.58 

 

was also observed to be equivalent and was on par with the standard L. rhamnosus GG 

strain (Table 3.2). In case of mucin, the maximum number of adhered cells was 

observed to be highest for L. rhamnosus GG (1.78 log10 CFU per well), while it 

decreased progressively for the L. plantarum strains. Interestingly, the dissociation 

constant for the adhesion process to mucin was observed to be lowest for L. plantarum 

CRA52 (kd = 7.58 log10 CFU per well), which suggested that this strain exhibited 

superior adhesion to mucin as compared to the other tested LAB strains. The adhesion 

process parameters for the tested model pathogens were also ascertained (Table A3.1 in 

Appendix). 

 

3.3.3. In vitro inhibition of S. aureus adhesion to ECM by L. plantarum strains  

Colonization of the intestine by S. aureus due to its ability to adhere onto ECM 

molecules has serious healthcare implications and is responsible for chronic infections                               

(Senn et al., 2016; Lin et al., 2010; Boyce et al., 2005). The results obtained in the 

comparative adhesion assays were encouraging (Figure 3.8) and suggested that the                      

L. plantarum strains could perhaps be explored in inhibiting adhesion of model gut 

pathogens onto ECM. To this end, standard in vitro adhesion assays on collagen and 

mucin were conducted in the three formats viz. exclusion, competition and 

displacement. A fluorescence-based method revealed that L. rhamnosus GG,                            

L. plantarum CRA21, L. plantarum CRA38 and L. plantarum CRA52 strains could 

exclude S. aureus MTCC 96 from binding to collagen (Figure 3.10A). Amongst the 

LAB strains, L. plantarum CRA21 rendered significant inhibition of adhesion of                     

TH-2159_126106018



Results and Discussion Chapter 3 

70 
 

 

Figure 3.10. Inhibition of S. aureus MTCC 96 adhesion onto (A) collagen and (B) mucin by                           

L. plantarum strains. LAB strains: 1. L. rhamnosus GG, 2. L. plantarum CRA21,                                

3. L. plantarum CRA38, 4. L. plantarum CRA52. (C) Fluorescence microscope analysis to 

study the inhibition of S. aureus MTCC 96 adhesion onto (i-iv) collagen and (v-viii) mucin by 

L. plantarum CRA21. Scale bar for the images is 200 µm.  

 

S. aureus cells (85%), which was on par with that of the standard probiotic                            

L. rhamnosus GG.  In the exclusion mode of adhesion assay, addition of LAB onto 

collagen coated wells precedes addition of S. aureus cells. Based on the strong 

adhesion parameters of L. plantarum strains onto collagen (Table 3.2), it is expected 

that these strains would exhibit efficient colonization of ECM, which perhaps resulted 

in the reduced ability of S. aureus cells to adhere onto collagen. It can be presumed that 
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the ability of the L. plantarum strains to prevent adhesion of S. aureus cells onto 

collagen is also likely to be influenced by a combined effect of the adhesion process 

parameters (em and kd). In the exclusion model, it can be conceived that the initial 

strong adhesion of LAB cells onto collagen as indicated by the low dissociation 

constant (kd) of the adhesion process could be critical for efficient exclusion of                         

S. aureus cells added subsequently. The differences observed in the ability to exclude 

S. aureus adhesion onto collagen by the bacteriocin producing L. plantarum strains 

may be attributed to the differences in their inherent binding parameters (em and kd), 

which could be captured in the experiments (Table 3.2 and Table A3.1 in Appendix). 

Further, in the exclusion mode, the probability of S. aureus cells adhering onto collagen 

would be largely governed by the ability to displace initially colonizing LAB, which, in 

turn, would depend on the magnitude of the binding affinity of S. aureus with collagen 

(kd). To this end, it was observed that in case of collagen, the dissociation constant for 

S. aureus MTCC 96 binding with collagen (kd = 12.85 log10 CFU per well), was 

distinctly higher (Table A3.1 in Appendix) than that obtained in case of the                           

L. plantarum strains (Table 3.2). This perhaps provides a probable explanation for the 

strong inhibition of S. aureus adhesion on collagen initially colonized by LAB strains. 

A similar phenomenon was also observed in case of inhibition of S. aureus MTCC 96 

adhesion onto mucin by LAB strain in the exclusion mode (Figure 3.10B). However, 

the inhibition of S. aureus MTCC 96 adhesion onto mucin was comparatively less than 

that observed in case of collagen in the exclusion mode of assay (Figure 3.10B).  

In the competitive mode of adhesion inhibition, the magnitude of inhibition of                      

S. aureus MTCC 96 adhesion was observed to be highest for L. rhamnosus GG (69%) 

followed by L. plantarum CRA21 (62%), L. plantarum CRA38 (60%) and                             

L. plantarum CRA52 (58%), respectively (Figure 3.10A). In case of competition, the 

dissociation constant (kd) is perhaps critical as it determines the binding affinity of the 

cells with the ECM molecules collagen and mucin. Notwithstanding the higher em 

values for S. aureus as compared to LAB strains (Table A3.1 in Appendix and Table 

3.2), the significant difference in the dissociation constant (kd) obtained for the LAB 

strains as compared to S. aureus cells (Table 3.2 and Table A3.1 in Appendix) perhaps 

has an overriding effect and renders the L. plantarum strains to outcompete S. aureus in 

the adhesion assays conducted in competition mode. A similar phenomenon was 

observed in the competition mode in case of mucin (Figure 3.10B). In the displacement 

mode of adhesion assay, it was observed that the inhibition of adhesion of S. aureus  
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MTCC 96 cells to ECM-coated wells was considerably lower than that of the other 

tested interactions (Figure 3.10A-3.10B). Initial colonization of ECM by S. aureus is 

effective as the bacterium is able to occupy majority of the binding sites. Subsequent 

addition of LAB strains is less effective in overcoming the high surface coverage of the 

ECM by S. aureus cells owing to the reduced ability of the added LAB cells to displace 

S. aureus cells, a phenomenon, which can be largely ascribed to the inferior em obtained 

for the LAB strains as compared to S. aureus MTCC 96 (Table 3.2 and Table A3.1 in 

Appendix).  

Fluorescence microscope analysis revealed that a large number of cFDA-SE 

labelled S. aureus MTCC 96 cells could adhere onto ECM (Figure 3.10C, panel i and 

panel v). However, in presence of L. plantarum CRA21, adhesion of S. aureus MTCC 

96 cells onto ECM was observed to be reduced in the three tested models of adhesion 

assay (Figure 3.10C, panels ii-iv, panels vi-viii). It may be mentioned here that a 

similar trend of inhibition of adhesion by the L. plantarum strains in the three tested 

formats was also observed in case of model target bacteria L. monocytogenes Scott A 

and E. faecalis MTCC 439 (Figure 3.11). 

 

3.3.4. Effect of bacteriocin extract from L. plantarum strains on ECM-adhering target 

bacteria 

The native isolates of L. plantarum used in the present study were earlier characterized 

as potent plantaricin A producers displaying activity against the target bacteria                                  

S. aureus MTCC 96, L. monocytogenes Scott A and E. faecalis MTCC 439 (Singh et 

al., 2012a). Literature reports suggest that these target bacteria are known to colonize 

ECM and are implicated in disruption of ECM-related barrier functions                          

(Gries et al., 2005; Flemming and Ackermann 2007). Hence it was envisaged that 

treatment with plantaricin A is likely to result in a significant loss of viability of these 

bacterial strains, which in turn, would curtail their ability to adhere and colonize ECM. 

To this end, the model strains were allowed to adhere onto collagen or mucin-coated 

wells in separate sets, followed by addition of a crude sample of plantaricin A extract 

(400 AU/mL) from the L. plantarum strains CRA21, CRA38 and CRA52. In these 

experiments, the target bacterial cells were pre-labelled with the fluorescent dye cFDA-

SE, which enabled us to pursue a fluorescence-based dye leakage assay to ascertain the 

effect of the bacteriocin on ECM-adhered cells.  
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Figure 3.11. Inhibition of adhesion of target bacteria onto (A and C) collagen and (B and D) 

mucin by L. plantarum strains. Panels: (A-B) Target bacteria is L. monocytogenes Scott A and                     

(C-D) Target bacteria is E. faecalis MTCC 439. LAB strains: 1. L. rhamnosus GG,                                     

2. L. plantarum CRA21, 3. L. plantarum CRA38 and 4. L. plantarum CRA52.  

 

Interestingly, exposure of collagen-adhering bacterial cells to plantaricin A extracts 

resulted in notable leakage of cFDA-SE (Figure 3.12A), which can perhaps be 

attributed to the signature membrane-directed activity of plantaricin A (Singh et al., 

2012a). Upon treatment with the plantaricin A extract obtained from the LAB strains, 

the maximum extent of dye leakage was observed for L. monocytogenes Scott A, given 

the strong anti-listerial activity associated with the bacteriocin (Singh et al., 2012a). 

Amongst the LAB strains, plantaricin A extract obtained from L. plantarum CRA52 

displayed the highest anti-listerial activity on collagen-adhered cells as evident from the  

TH-2159_126106018



Results and Discussion Chapter 3 

74 
 

 

Figure 3.12. cFDA-SE leakage assay on (A) collagen- and (B) mucin-adhered target bacteria 

treated with plantaricin A extract (400 AU/mL) from L. plantarum strains. LAB strains:                            

1. L. plantarum CRA21, 2. L. plantarum CRA38 and 3. L. plantarum CRA52.  

 

high dye-leakage (38.52%) as compared to the results obtained with plantaricin A 

extracts from L. plantarum CRA21 and CRA38, wherein the dye leakage amounted to 

32.77% and 19.26%, respectively (Figure 3.12A). The overall trend of plantaricin A-

mediated abrogation of target bacterial cells adhering onto collagen could also be 

captured in experiments conducted with mucin (Figure 3.12B). Fluorescence 

microscope analysis of cFDA-SE labelled target bacterial cells adhering onto ECM and 

treated with plantaricin A extracts from L. plantarum strains indicated a reduction in 

number of adhered target cells in case of bacteriocin-treated sample (Figure 3.13 and 

Figure A3.2 in Appendix) and these results were consistent with the trend observed in 

the dye-leakage assays (Figure 3.12). The results obtained in the aforementioned 

experiments is particularly encouraging considering a previous report, which describes 

the critical role of plantaricin A as a pheromone that promotes biofilm formation and 

adhesion of L. plantarum strains onto Caco-2 cell line and thereby prevent pathogen 

adhesion onto the cells (Calasso et al., 2013). Based on the leads obtained in this study, 

it would perhaps be interesting in future to determine the biofilm forming potential of 

plantaricin A producing L. plantarum strains and their effect in precluding adhesion of 

target pathogens onto ECM. 
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Figure 3.13.  Fluorescence microscope analysis to study the effect of plantaricin A extract                        

(400 AU/mL) from L. plantarum strains on collagen-adhered target bacteria. Scale bar for the 

images is 200 µm.   

 

3.4. Significant Findings 

The salient findings of the present study are as follows: 

1. Fluorescence-based in vitro assays indicated that amongst the various LAB 

strains, the L. plantarum strains CRA21, CRA38 and CRA52 displayed 

adhesion on the ECM molecules collagen and mucin, which was comparable to 

the standard probiotic L. rhamnosus GG.  

2. On the basis of flow cytometry-based quantitative assessment of the adhesion 

potential, L. plantarum CRA21 demonstrated the highest adhesion onto the 

ECM as compared with other native LAB strains.  

3. Dose-dependent adhesion assays suggested that amongst the native LAB,                          

L. plantarum CRA21 displayed the highest em on collagen. On the other hand,                    

L. plantarum CRA52 demonstrated strongest binding to mucin amongst the 
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native LAB strains, as evidenced by the low value of the dissociation constant, 

kd. 

4. Adhesion inhibition assays suggested that the highest inhibition of S. aureus 

adhesion onto collagen and mucin by bacteriocin-producing L. plantarum 

strains was observed in the exclusion mode as compared with the competition 

and displacement modes. Perhaps the higher binding affinity for the ECM 

exhibited by the L. plantarum strains as compared with S. aureus led to the 

aforementioned observation.  

5. Addition of plantaricin A extract from the bacteriocinogenic L. plantarum 

strains displayed potent antibacterial activity on ECM-adhered model 

pathogens.   

In the present investigation, the prominent ECM adhering and bacteriocin producing                      

L. plantarum isolates emerge as promising strains having a competitive edge, whose 

potential can perhaps extend from the conventional domain of food fermentation to 

healthcare applications. In particular, it would be interesting to validate this scope of 

the native isolates for niche specific antibacterial therapy. In line with this rational, the 

next chapter describes the ability of these LAB strains to adhere onto model human 

intestinal cells and thereby inhibit pathogen colonization in an in vitro cell culture 

model. 
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Inhibition of Pathogen Adhesion in Cell Culture 

Model by Native LAB 

This chapter essentially describes the ability of native LAB to inhibit the adhesion of 

model pathogens on cultured human intestinal cells. The mechanistic insights from the 

adhesion inhibition of model pathogens on host cells by LAB are discussed in detail.  
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ABSTRACT 

The use of antibiotics to mitigate gastrointestinal pathogenic bacteria can lead to 

profound damage to the beneficial gut microbes and a concomitant proliferation of 

antibiotic-resistant bacteria. To this end, deployment of LAB strains to target the 

critical step of adhesion of the pathogens to intestinal cells can be conceived as a viable 

approach towards developing a safe and niche-specific therapeutic intervention. The 

present chapter reports the potential of native isolates of L. plantarum to inhibit 

adhesion of model gastrointestinal pathogens, Enterococcus faecalis and 

Staphylococcus aureus in an in vitro cell culture model using HT-29 cells. Amongst the 

native L. plantarum strains, L. plantarum DF9 displayed highest adhesion to HT-29 

cells (29.94%), and it was comparable to that observed for L. rhamnosus GG (31.18%). 

Dual-color flow cytometry (FCM) of cFDA-SE labelled L. plantarum DF9 and 

TAMRA-SE labelled E. faecalis MTCC 439 indicated that exclusion mode of adhesion 

inhibition demonstrated highest pathogen adhesion inhibition as compared to 

competition and displacement mode of adhesion inhibition. Hierarchical cluster 

analysis (HCA) indicated that the anti-adhesion efficacy of L. plantarum DF9 was on 

par with the probiotic L. rhamnosus GG. The quantitative analysis of the adhesion 

process parameters indicated the dissociation constant (kd ) for L. plantarum DF9 was 

0.224 × 10-6 log10 CFU/mL, while the maximum number of adhered bacteria (em) was 

estimated to be 3.09 log10 CFU/mL per 10,000 HT-29 cells.  Combination of FCM with 

principal component analysis (PCA) captured the relative influence of LAB strains on 

adhesion process parameters kd and em wherein it was observed that the native                                    

L. plantarum DF9 and L. plantarum CRA38 could impart a significant change in both 

the adhesion process parameters kd and em of the model pathogens adhering onto HT-29 

cells. Interestingly, the potential of LAB bacteriocin was captured in host cell adhesion 

assays, which revealed the selective elimination of adhered pathogen while having 

minimal effect on adhered LAB, in contrast to the effect observed with therapeutic 

antibiotics. It is envisaged that the native L. plantarum strains may be used in 

conjunction with bacteriocins as safe anti-adhesion therapeutic agents against 

gastrointestinal pathogens.  
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4.1. Introduction 

The use of antibiotics to mitigate bacterial infections in the gastrointestinal tract can be 

counterproductive owing to eradication of the beneficial gut microbes and subsequent 

colonization by antibiotic-resistant opportunistic pathogenic strains (Ferrer et al., 

2014). This necessitates the development of a therapeutic intervention, which does not 

trigger a selection pressure and favor the persistence of antibiotic resistant strains. 

Conceivably, adhesion inhibition therapy can be an efficient strategy to counter 

gastrointestinal infections as adhesion of the pathogen to intestinal cells is considered 

to be a critical step in pathogenesis (Chagnot et al., 2012; Foster et al., 2014;                             

Prince et al., 2012; Krachler and Orth, 2013). Amongst the various approaches, 

bacteria-based therapy using probiotic lactic acid bacteria (LAB) has come to the 

forefront (Paton et al., 2006; Salminen et al., 2010; Quigley, 2012; Shanahan et al., 

2012; Buffie and Pamer, 2013; Gutierrez-Castrellon et al., 2014; Lievin-Le Moal and 

Servin, 2014). Probiotic LAB not only endure the harsh environment of the intestinal 

niche, but can also prevent pathogen colonization by occluding host cell receptors, 

producing antimicrobial peptides such as bacteriocins and other metabolites                  

(Lee et al., 2003; Ingrassia et al., 2005; Millette et al., 2008; Maudsotter et al., 2011; 

O’Shea et al., 2012). Adhesion to extracellular matrix (ECM) and intestinal cells is a 

key attribute of probiotic LAB strains (Lebeer et al., 2010; Reid et al., 2011; Rendueles 

et al., 2012). Further, such LAB strains, which exhibit high adhesion propensity and 

produce bacteriocin are likely to sustain and colonize the intestine effectively (Millette 

et al., 2008; Dobson et al., 2012; Cotter et al., 2013) and thus hold considerable 

potential in anti-adhesion therapy. This premise is further validated in studies that 

demonstrated the potential of probiotic LAB as an effective treatment regimen for 

gastrointestinal ailments (Ruszczynski et al., 2008; Huynh et al., 2009;                    

Miele et al., 2009; Rautava et al., 2009; Lonnermark et al., 2010).  

In order to leverage the potential of probiotic LAB as an anti-adhesion agent, it 

is important to develop a fast, reliable and reproducible host cell adhesion assay, which 

can simultaneously probe the relative adhesion of LAB and pathogens onto host cells. 

It may be conceived that such an assay would provide a fundamental understanding of 

the adhesion process, lead to quantification of the adhesion of LAB and pathogens onto 

host cells, unravel the influence of LAB on the adhesion process of pathogens onto host 

cells and provide a guideline to select an appropriate probiotic LAB, that can be 

explored for anti-adhesion therapy. Further, it is also envisaged that the developed host 
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cell adhesion assay can perhaps be used to ascertain the prospect of antimicrobial 

agents such as therapeutic antibiotics and LAB bacteriocins to counter adhesion of 

gastrointestinal pathogens and also quantify collateral damage by probing the relative 

adhesion of LAB vis-a-vis pathogen onto host cells.  

In the context of probing and quantifying various physiological aspects of host-

microbe interactions, flow cytometry (FCM) is emerging as a powerful tool as 

exemplified in the detection of malaria, tuberculosis or polio virus infection and 

studying bacterial endotoxin mediated acceleration of metastatic colorectal cancer                                                   

(Shapiro and Perlmutter, 2008; Sivaraman et al., 2013; Killeen et al., 2009). FCM-

based assays have provided insights on bacterial adhesion such as adhesion of 

Streptococcus pyogenes to epithelial cells and role of fibrinogen binding protein to host 

cell adhesion of group A Streptococcus (Hytonen et al., 2006; Anderson et al., 2014). 

FCM can analyze and quantify cell populations on a real-time basis and thus offers an 

exciting prospect to study adhesion of probiotic LAB onto host cells and their ability to 

impede pathogen adhesion. Based on this rationale, in the present study, a dual dye-

based FCM analysis is described in order to assess the ability of native strains of L. 

plantarum to inhibit adhesion of pathogenic bacteria Enterococcus faecalis, Listeria 

monocytogenes and Staphylococcus aureus onto model human intestinal cells (HT-29 

cells). The FCM-based assay in conjunction with principal component analysis (PCA) 

was used to compare the potency of native L. plantarum strains in inhibiting pathogen 

adhesion as well as to probe the mechanistic aspects of the adhesion inhibition process 

on HT-29 cells. The application potential of the adhesion assay was finally validated by 

measuring the relative abrogation of adhered LAB vis-a-vis pathogen, upon exposure to 

either LAB bacteriocins or conventional therapeutic antibiotics. 
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4.2. Materials and Methods 

4.2.1. Reagents and growth media 

5 (and 6) carboxyfluorescein diacetate succinimidyl ester (cFDA-SE), 5-carboxy-

tetramethylrhodamine N-succinimidyl ester (TAMRA-SE), 2-(4-amidinophenyl)-6-

indolecarbamidine dihydrochloride (DAPI), Triton X-100, Dulbecco’s modified Eagle 

medium (DMEM), penicillin, streptomycin and trypsin-EDTA solution were obtained 

from Sigma-Aldrich Chemicals, USA. Brain-Heart infusion (BHI) broth, de Man, 

Rogosa and Sharpe broth (MRS) were procured from HiMedia, Mumbai, India. 

 

4.2.2. Bacterial strains and growth conditions 

The standard LAB and the bacteriocinogenic native LAB used in this investigation is 

listed in Table 2.1 indicated in Chapter 2. The strains were grown as per the conditions 

described previously in section 2.2.2. The target pathogens used in the present 

investigation comprised of Listeria monocytogenes Scott A (L. monocytogenes Scott 

A), Enterococcus faecalis MTCC 439 (E. faecalis MTCC 439) and Staphylococcus 

aureus MTCC 740 (S. aureus MTCC 740). Prior to experiments, the bacterial strains 

were propagated in BHI broth at 37 °C and 180 rpm for 12 h.     

 

4.2.3. HT-29 cell culture 

HT-29 cells were grown and maintained as previously described in Section 2.2.6. in 

Chapter 2. Prior to adhesion experiments, the HT-29 monolayer was washed twice with 

sterile phosphate buffered saline (PBS), trypsinized and transferred to a 24-well multi-

dish (1 × 104 cells per well) having fresh DMEM medium and incubated at 37 °C in 5% 

CO2. Subsequently, the monolayer of HT-29 cells was propagated for 7 days, with a 

change of medium every 2 days and used at late post-confluence stage for the adhesion 

assays.    

 

4.2.4. Analysis of bacterial adhesion onto HT-29 cells by single color flow cytometry 

(FCM) and plating method 

A stock solution of cFDA-SE and TAMRA-SE (500 µM each) was prepared in ethanol 

and stored at -20 °C. The selected LAB and non-LAB bacterial strains were grown 

overnight and harvested by centrifugation at 3,000 x g for 10 min. The cell pellet was 

washed twice with sterile PBS and resuspended in the same. The LAB and the non-

LAB strains were then labelled with cFDA-SE or TAMRA-SE, respectively (final 
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concentration of 50 µM) at 37 °C for 20 min. The labelling reaction was terminated by 

pelleting the cells and the excess dye molecules were removed by washing twice with 

sterile PBS. A 100 µL aliquot of cFDA-SE labelled LAB cells or TAMRA-SE 

pathogen cells (8.0 log10 CFU/mL in DMEM medium) were then added in separate sets 

to 24-well multi-dish containing HT-29 cells in DMEM medium and incubated at 37 °C 

in 5% CO2 atmosphere for 2 h. Subsequently, the supernatant was aspirated and HT-29 

cells were washed twice with 1.0 mL of sterile PBS. In order to enumerate the adhered 

bacteria by flow cytometry (FCM), 1.0 mL of 0.05% Triton X-100 was added to each 

well and incubated for 10 min to specifically lyse the mammalian cells. The lysates 

were then subjected to FCM on a FACS Calibur flow cytometer (Becton-Dickinson 

Immunocytometry Systems, San Jose, CA, USA) equipped with a 15 mW, 488 nm, air-

cooled argon ion laser. FCM was performed at a low flow rate and the instrument was 

adjusted to acquire 30,000 events. Unlabeled cells were used to compensate for cellular 

autofluoresence and to set the appropriate voltage and threshold parameters. Forward-

angle light scatter (FSC) vs. side scatter (SSC) plots were analyzed to detect bacterial 

cells. Detection of green fluorescence of cFDA stained cells was accomplished through 

FL1 channel (band pass filter of 530 nm/30 nm), while red fluorescence of TAMRA 

stained cells was detected through FL2 channel (band pass filter of 630 nm/40 nm). 

Data acquisition was performed with CellQuest Pro software (BD CellQuestTM Pro 

Version 6.0, Becton-Dickinson, USA). Data analysis was performed with FCS Express 

5.0 (DeNovo Software Inc.). Following FCM analysis, the median fluorescence 

intensity observed in the dot plot for the labelled bacteria (LAB or pathogen) adhered 

onto HT-29 cells (FA) was compared to the median fluorescence intensity obtained for 

the total labelled bacterial cells (LAB or pathogen), which was used initially for the 

adhesion assay (FT). All the experiments were performed in triplicates and mean and 

standard deviation was calculated. A schematic for the protocol of FCM-based 

estimation of bacterial adhesion onto HT-29 cells is indicated in Figure 4.1. 

For each bacterial strain, adhesion was estimated by the FCM method using the 

following expression:  
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Figure 4.1. (A). Schematic representation of the experimental protocol of bacterial adhesion 

onto model intestinal cells. (B) Representative dot plots for estimation of bacterial adhesion 

onto model intestinal cells. 

 

Estimation of bacterial adhesion onto HT-29 cells was also carried out by 

plating method as described previously (Yadav et al., 2013). For each bacterial strain, 

adhesion was estimated by the plating method using the following expression:  
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Where, I and F refer to initial number of cells used for the adhesion assay and final 

number of cells obtained after adhesion assay, respectively. All the experiments were 

performed in triplicates and mean and standard deviation was calculated.    

 

4.2.5. Dual color FCM to study inhibition of pathogen adhesion on HT-29 cells by                                  

L. plantarum strains 

Initially the LAB and non-LAB strains (E. faecalis MTCC 439 and S. aureus MTCC 

740) were labelled with cFDA-SE and TAMRA-SE, respectively as described 

previously. To ascertain the potential of the LAB strains in inhibiting pathogen 

adhesion onto HT-29 cells, adhesion assays were conducted in exclusion, competition 

and displacement modes by using varying concentration of pathogen                          

(4.0 log10 CFU/mL, 6.0 log10 CFU/mL and 8.0 log10 CFU/mL). In case of exclusion, 

cFDA-SE labelled LAB were first added in separate sets to confluent HT-29 cells 

grown in 24-well multi-dish and incubated for 1 h, followed by washing and removal of 

non-adherent LAB by sterile PBS. Subsequently, TAMRA-SE labelled                           

E. faecalis MTCC 439 or S. aureus MTCC 740 were added in separate sets to the wells 

bearing the adhered LAB and further incubated for 1 h. In competition mode, LAB as 

well as the pathogens were added simultaneously to HT-29 cells and incubated for 2 h. 

The non-adherent cells from the experimental samples were aspirated and the cells 

were washed twice with sterile PBS. In the displacement mode, the pathogens were 

initially added to HT-29 cells in a 24-well multi-well plates and incubated for 1 h. The 

wells were then washed with sterile PBS to remove the non-adherent bacteria and 

cFDA-labelled LAB were added to the wells and incubated for 1 h. Subsequently, HT-

29 cells containing the adhered bacterial cells from all three modes of adhesion assay 

were treated with 0.05 % Triton X-100 to selectively lyse the mammalian cells and the 

suspension containing the bacterial cells were then analyzed using FCM. Detection of 

fluorescence signal, data acquisition and data analysis were accomplished as mentioned 

for single color FCM in section 4.2.4. To estimate adhesion inhibition of pathogen by 

FCM analysis, the ratio of the population in percentage obtained from upper left and 

lower right quadrant, which represent the percentage of TAMRA-labelled pathogen and 

cFDA-labelled LAB adhered onto HT-29 cells, respectively, were ascertained.  
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Figure 4.2. (A) Schematic representation of the experimental protocol for measuring the 

adhesion inhibition of pathogen by LAB cells on model intestinal cells. (B) Representative 

quadrant plot analysis for quantification of the adhesion of pathogen (indicated by a red tick 

mark on upper left quadrant) and LAB (indicated by a green tick mark on lower right quadrant).     

 

All the experiments were performed in triplicates and mean and standard deviation was 

calculated. A schematic for the protocol of the assays used to ascertain adhesion 

inhibition of pathogens on model intestinal cells is indicated in Figure 4.2.  

 

4.2.6. Estimation of process parameters for adhesion inhibition   

To estimate the parameters of the adhesion inhibition process, varying concentrations                 

of TAMRA-labelled pathogens (4.0 log10 CFU/mL, 6.0 log10 CFU/mL and                                     

8.0 log10 CFU/mL) were used in the exclusion, competition and displacement mode of 

adhesion assay. Subsequently, FCM analysis was performed and the results were 

acquired as quadrant plots as mentioned previously. The quadrant plots were subjected 

to statistical analysis and the number of events obtained from upper left quadrant (for  
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Figure 4.3. Schematic representation of the interaction between bacterial cells and                                

HT-29 cells.  

 

pathogens) and lower right quadrant (for LAB strains) was considered to assess the 

number of bacterial cells adhered onto HT-29 cells. Each experiment was performed in 

triplicate and the result was represented as mean ± standard deviation.  

The obtained number of events was considered to represent bacteria-host cell 

complex (ex). Subsequently, the maximum number of adhered bacteria (em) and the 

dissociation constant (kd) for the adhesion process was essentially ascertained by the 

method described previously (Lee et al. 2000; Lee, 2004) and is briefly discussed 

below:   

 

A schematic for the interaction between bacterial cells and host intestinal cell is 

indicated in Figure 4.3. There are two assumptions in the adhesion of bacteria on host 

intestinal cell:  

1. The adhesion process between the bacterial cells and host intestinal cells is in 

equilibrium. This condition may be met if the tested strain do not penetrate the 

host cells during the duration of the experiment.  

2. Additionally, it is assumed that the concentration of the bacterial culture 

remained the same during the course of the study, which implies that the 

concentration of the bacterial culture could be considered to be equal to the 

initial bacterial concentration. This condition can be met if the total number of 

bacterial cells far exceed the number of bacterial cells adhering onto the host 

intestinal cells. 

In the simple adhesion model (Figure 4.3), if X is the concentration of the bacterial 

culture added, e is the initial model intestinal cells (HT-29 cells) and ex is the 

concentration of the bacterium-HT-29 cell complex, then the concentration of free HT-

29 cells will be (e - ex). Considering that the interaction between bacteria and HT-29  
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Figure 4.4. (A) Representative plot of bacteria bound to host cells against the total bacteria 

used for the assay. (B) Double reciprocal plot for (A).   

 

cells is in equilibrium, the dissociation constant for the adhesion process, kd, can be 

expressed as follows: 

 

 

On inserting the variables for the forward and reverse rate constants in equation 4.3: 

 

 

On rearrangement of equation 4.4, 

 

When the number of total bacterial cells (X) far exceed the dissociation constant (kd),                         

ex approaches e and is considered as maximum number of adhered bacterial cells (em).  

On replacing e with em  in equation 4.5: 

 

 

On plotting bacteria bound (ex) against total concentration of bacteria (X) used for the 

assay, a rectangular hyperbolic curve is obtained as indicated in Figure 4.4A.   

The reciprocal of equation 4.6 yields: 
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On plotting 1/ex against 1/X, the intercept on the ordinate (1/em) and the abscissa (-1/kd) 

can be used to ascertain the adhesion process parameters em and kd, respectively (Figure 

4.4B).  

 

4.2.7. Application of dual color FCM to study the effect of antibacterials in an in vitro 

adhesion model 

The therapeutic antibiotics selected for these experiments comprised of vancomycin, 

gentamicin, ampicillin and ciprofloxacin. The bacteriocins used in these studies 

included plantaricin A, pediocin and enterocin, which were purified from L. plantarum 

DF9, Pediococcus pentosaceus CRA51, and Enterococcus faecium DF14, respectively,  

by following the cell-adsorption method described previously (Singh et al., 2012a). 

Initially, cFDA-labelled L. plantarum DF9 and TAMRA-labelled E. faecalis MTCC 

439 (8.0 log10 CFU/mL each) were added onto a monolayer of HT-29 cells and 

incubated for 30 min. Subsequently, the non-adhered cells were aspirated and HT-29 

cells bearing adherent bacteria were treated with the individual antibiotics (final 

concentration of 100 µg/mL each) in separate sets for 30 min. In another independent 

experiment, the adherent bacteria were treated with the individual bacteriocins (final 

concentration of 800 AU/mL each) in separate sets for 30 min. Subsequently, the HT-

29 cells bearing adherent bacteria were lysed and dual color FCM analysis was pursued 

to ascertain the number of adherent LAB and pathogen, which was compared to the 

control (number of adherent LAB and pathogen in the absence of antibiotic or 

bacteriocin treatment) to estimate the change in host adhered bacterial cells (%). All the 

experiments were performed in triplicates and the mean and standard deviation was 

calculated.  

 

4.2.8. Imaging studies 

Prior to cell imaging studies, HT-29 cells were seeded onto a 24-well multidish plate 

and grown in DMEM medium at 37 °C till 90% confluency under 5.0 % CO2. 

Subsequently, the cells were washed thrice with sterile PBS and incubated with 5.0 µM 

DAPI for 30 min. Following DAPI-labelling, HT-29 cells were washed with sterile 

PBS and incubated in separate sets with either cFDA-labelled L. plantarum DF9                                                
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(8.0 log10 CFU/mL) or cFDA-labelled L. rhamnosus GG (8.0 log10 CFU/mL) or 

TAMRA-labelled E. faecalis MTCC 439 (8.0 log10 CFU/mL) for 2 h each. 

Subsequently, HT-29 cells were gently washed with sterile PBS to remove any non-

adherent or weakly adherent bacteria, and observed under a fluorescence microscope 

(Eclipse Ti-U, Nikon, USA) using appropriate filters (UV filter for DAPI: Excitation: 

360/20 nm, Emission: 460/25 nm; Blue filter for cFDA-SE: Excitation: 480/15 nm, 

Emission: 535/20 nm; Green filter for TAMRA-SE: Excitation: 540/25 nm, Emission: 

605/55 nm). To study adhesion inhibition, E. faecalis MTCC 439 and L. plantarum 

DF9 were labelled with TAMRA-SE and cFDA-SE, respectively, while HT-29 cells 

were labelled with DAPI. Subsequently, the three modes of adhesion inhibition were 

performed with 8.0 log10 CFU/mL of the pathogen and LAB as described previously in 

section 4.2.5. Following adhesion, the cells were washed with sterile PBS and the 

image was captured using appropriate filters as mentioned previously. 

 

4.2.9. Statistical analysis 

In Bland-Altman analysis, the adhesion percentage of all of the bacterial strains 

obtained through plating method and FCM method were compared and the differences 

of the two paired measurements were plotted against the mean (Martin-Bland and 

Altman, 1986). The agreement levels (95% confidence) were calculated and Bland-

Altman analysis was depicted as a plot (Graphpad Prism Software Version 5.0). 

Hierarchical cluster analysis (HCA) of quadrant plot obtained in FCM was 

accomplished by following a previously described method (Marchant and Moreno, 

2013). Principal component analysis (PCA) of the adhesion inhibition assays was 

performed using a standard method (Fernandes et al., 2014). 

 

4.3. Results and Discussion  

4.3.1. In vitro adhesion potential of LAB onto HT-29 cells  

Pathogenic bacteria such as E. faecalis and S. aureus have been shown to trigger 

gastrointestinal infections (Steck et al., 2011; Shogan et al., 2015;                   

Kernbauer et al., 2015; Senn et al., 2016). This premise has been reported previously 

wherein it was shown that antibiotic treatment can potentially abrogate intestinal 

commensal flora, leading to enhanced pathogen colonization, which can subsequently 

cause systemic bloodstream infections and antibiotic-associated diarrhea                    

(Brandl et al., 2008; Mahrshak et al., 2015; Lin et al., 2010; Boyce and Havill, 2005).  
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Figure 4.5. Dot plots from FCM analysis to study adhesion of LAB and pathogens onto                         

HT-29 cells. (A-B) L. plantarum DF9, (C-D) L. rhamnosus GG, (E-F) E. faecalis MTCC 439,                     

(G-H) S. aureus MTCC 740. 

 

In order to prevent colonization of the intestinal niche by E. faecalis and S. aureus, 

targeting the key step of pathogen adhesion onto gastrointestinal cells can be 

considered as a viable option (Foster et al., 2014; Ribet and Cossart, 2015). Given the 

strong adhesion potential and bacteriocinogenic trait of previously isolated                            

L. plantarum strains (Chapter 2 and Chapter 3), it was envisaged in the present study 

that these native LAB strains can perhaps be explored to mitigate adhesion of                         

E. faecalis and S. aureus onto intestinal cells. To strengthen this notion, it was pertinent 

to develop a facile adhesion assay that can emulate the gastro-intestinal niche, provide  
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Figure 4.6. Quantification of bacterial adhesion based on (A) single-color FCM based assay 

and (B) plating method. 1. L. plantarum DF9, 2. L. plantarum CRA21, 3. L. plantarum CRA38,                            

4. L. plantarum CRA49, 5. L. plantarum CRA52, 6. L. rhamnosus GG, 7. L. plantarum MTCC 

1325, 8. L. plantarum MTCC 1407, 9. L. plantarum MTCC 1746, 10. L. plantarum NCIM 

2592, 11. L. monocytogenes Scott A, 12. S. aureus MTCC 740 and 13. E. faecalis MTCC 439. 

(C) Bland-Altman statistics for comparison between FCM-and plating-based method.  

 

a fundamental understanding and insight on the adhesion of native LAB onto intestinal 

cells and ascertain their potential as anti-adhesion agents. To this end, the in vitro 

adhesion of cFDA-SE labelled LAB strains and TAMRA-SE labelled model pathogens 

onto HT-29 cells (intestinal cells) was initially ascertained by a single color-based 

FCM analysis. Dot plots for the LAB strains and the pathogens indicated that the 

median of the cell population shifted for the adhered cells as compared to the total cells 

used in the adhesion assay (Figure 4.5, Figure A4.1-A4.3 in Appendix). In case of                  

L. plantarum DF9, the adhered cell population was 29.94% and was on par with the 

standard probiotic L. rhamnosus GG, wherein the adhered cell population was 31.18% 

(Figure 4.6A). The dot plots in conjunction with quantification of adhesion on the basis 

of the shift of the median also indicated that L. plantarum CRA21, L. plantarum 

CRA38, L. plantarum CRA49 and L. plantarum CRA52 could adhere onto HT-29 

cells, albeit on a lesser magnitude as compared to L. plantarum DF9 and L. rhamnosus 

GG (Figure A4.1 in Appendix, Figure 4.6A). The adhesion of L. plantarum and                      

L. rhamnosus GG onto host cells can perhaps be attributed to the presence of adhesin 

proteins (Lebeer et al., 2012; von Ossowski et al., 2010; Tallon et al., 2007; Garcia-

Cayuela et al., 2014). Amongst the standard L. plantarum strains, L. plantarum MTCC 

1407 and L. plantarum MTCC 1325 demonstrated relatively higher adhesion onto HT-

29 cells (Figure A4.2 in Appendix, Figure 4.6A). In case of pathogens, adhesion of             

S. aureus MTCC 740 and E. faecalis MTCC 439 onto HT-29 cells was superior as 

compared to L. monocytogenes Scott A (Figure 4.5, Figure A4.3 in Appendix and  
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Figure 4.7. Fluorescence microscopic analysis to determine adhesion of (A) L. plantarum DF9, 

panels (i-iv) and L. rhamnosus GG, panels (v-viii) and (B) E. faecalis MTCC 439, panels                            

(i-iv) onto DAPI-labelled HT-29 cells. Scale bar for the images is 100 µm. 

 

Figure 4.6A). The adhesion of bacterial strains estimated by FCM was also in 

agreement with the standard plating method (Figure 4.6B), vindicating the reliability of 

FCM-based adhesion assay. This correspondence was also evident in a Bland-Altman 

plot (Giavarina, 2015), wherein most of the independently measured values were within 

the limits of agreement and there was an even distribution of data points in positive and 

negative regions of the plot (Figure 4.6C). In addition to FCM analysis, the use of 

cFDA-SE or TAMRA-SE as cell labelling dyes also enabled selective visualization of 

adhered LAB or the model pathogens onto HT-29 cells by fluorescence microscopy 

(Figure 4.7). 
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4.3.2. Potential of native L. plantarum strains to inhibit pathogen adhesion  

Based on the encouraging results obtained in the single color FCM analysis, it was 

envisaged that simultaneous deployment of the differentially labelled bacterial cells in 

an adhesion assay can yield distinct signals in FCM and provide a measure of adhesion  

inhibition of pathogens by the LAB strains. To this end, cFDA-SE labelled LAB                           

(8.0 log10 CFU/mL) and varying concentrations of TAMRA-SE labelled model 

pathogens (4.0 log10 CFU/mL, 6.0 log10 CFU/mL and 8.0 log10 CFU/mL) were 

subjected to exclusion, competition and displacement modes of in vitro adhesion assay 

followed by FCM. Analysis of the quadrant plot in the exclusion assay indicated that 

adhesion of E. faecalis MTCC 439 onto HT-29 cells was 1.03%, 2.29% and 3.94%, 

when the initial number of the pathogen used in the assay was 4.0 log10 CFU/mL, 6.0 

log10 CFU/mL and 8.0 log10 CFU/mL, respectively (Figure 4.8A-4.8C, upper left 

quadrant), suggesting that L. plantarum DF9 could significantly prevent invasion of                

E. faecalis. 

In contrast to the pathogen, adhesion of L. plantarum DF9 onto HT-29 cells was 

manifold higher, although a reduction was observed in presence of increasing number 

of E. faecalis cells (Figure 4.8A-4.8C, lower right quadrant). It may be mentioned here 

that the dual-label FCM could measure low levels of pathogen adhesion even in 

presence of high number of LAB adhered onto HT-29 cells (Figure 4.8A-4.8C, upper 

left quadrant and lower right quadrant). The significantly higher numbers of                         

L. plantarum DF9 adhering onto HT-29 cells evident in fluorescence microscopy also 

suggested the potential of the LAB to inhibit adhesion of E. faecalis onto HT-29 cells 

in the exclusion mode (Figure 4.9, panels i-v). Presumably, the inherently high 

propensity of L. plantarum DF9 cells to adhere onto HT-29 cells resulted in a high 

niche occupancy, which perhaps hampered the adhesion of E. faecalis MTCC 439 onto 

HT-29 cells in the exclusion mode. It may also be mentioned here that L. plantarum 

DF9 is known to secrete the bacteriocin plantaricin A (Singh et al., 2012a). Hence, in 

future it would perhaps be interesting to probe whether the host cell adhered                           

L. plantarum DF9 can secrete plantaricin A and thereby hinder adhesion of E. faecalis 

onto HT-29 cells. In the competition mode, the degree of inhibition of the pathogen’s 

adhesion onto HT-29 cells rendered by L. plantarum DF9 was diminished (Figure 

4.8D-4.8F, upper left quadrant) compared to the effect observed in the exclusion mode 

(Figure 4.8A-4.8C, upper left quadrant). Although the dual color FCM analysis 

indicated that the number of L. plantarum DF9 adhered onto HT-29 cells was  
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Figure 4.8. Quadrant plots for dual-color FCM based adhesion assay on HT-29 cells. (A-C) 

represents exclusion mode of adhesion inhibition, and (D-F) represents competition mode of 

adhesion inhibition and (G-I) represent displacement mode of adhesion inhibition of 4.0 log10 

CFU/mL, 6.0 log10 CFU/mL, and 8.0 log10 CFU/mL of E. faecalis MTCC 439, respectively, by                   

L. plantarum DF9.  

 

higher than the adhered pathogen (Figure 4.8D-4.8F, upper left quadrant and lower 

right quadrant), there was a reduction in the adhesion of L. plantarum DF9 with 

increasing number of E. faecalis cells (Figure 4.8D-4.8F, lower right quadrant). In the  
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Figure 4.9. Fluorescence microscopic analysis to determine (i-v) exclusion mode of adhesion 

inhibition, (vi-x) competition mode of adhesion inhibition and (xi-xv) displacement mode of 

adhesion inhibition of E. faecalis MTCC 439 by L. plantarum DF9 on DAPI-labelled HT-29 

cells. Scale bar for the images is 100 µm. 

 

displacement mode, L. plantarum DF9 was less effective in mitigating the adhered 

pathogen, as a significant population of E. faecalis MTCC 439 cells (46.03%, 57.71% 

and 59.4%) was observed to adhere onto HT-29 cells (Figure 4.8G-4.8I, upper left 

quadrant). The essential features of adhesion inhibition of E. faecalis rendered by                  

L. plantarum DF9 in the competition and displacement modes evidenced in FCM 

analysis was also observed in fluorescence microscopy (Figure 4.9, panels vi-xv). In a 

similar experiment, the dual label FCM analysis also indicated the propensity of                

L. plantarum DF9 to impede adhesion of S. aureus MTCC 740, albeit of a lesser 

magnitude as compared to E. faecalis MTCC 439 (Figure A4.4 in Appendix). 

From the quadrant plots, a measure of the ratio of adhered pathogen and LAB 

(ratio of percentage obtained from upper left and lower right quadrant of the quadrant 

plots) indicated that the efficiency of inhibiting pathogen adhesion onto HT-29 cells 

varied amongst the LAB, with L. plantarum DF9 and L. rhamnosus GG displaying the 

highest efficiency as evident in the low values of the estimated ratio (Figure 4.10A). In  

TH-2159_126106018



Results and Discussion Chapter 4 

97 
 

 

Figure 4.10. (A-B) Relative adhesion of LAB strains and pathogens on HT-29 cells ascertained 

by dual-color FCM analysis. (C) Hierarchical cluster analysis to group LAB strains based on 

their adhesion inhibition potential. 

 

case of S. aureus MTCC 740, the ratio was found to be comparatively high, indicating 

lower inhibition of S. aureus MTCC 740 adhesion by the LAB strains (Figure 4.10B).  

The estimated ratios were subsequently used to perform a hierarchical cluster 

analysis (HCA), which enabled us to categorize the LAB strains based on their ability 

to inhibit adhesion of E. faecalis and S. aureus. Notably, the cluster comprising of L. 

plantarum CRA49, L. plantarum CRA52 and L. plantarum MTCC 1325 was separated 

from the cluster of L. plantarum CRA21, L. plantarum MTCC 1746, L. plantarum 

NCIM 2592 by a distance of only 2.25 units, suggesting that the LAB strains belonging 

to these two clusters exhibit similar adhesion inhibition potential (Figure 4.10C). On 

the other hand, the cluster comprising of L. plantarum DF9 and L. rhamnosus GG was  
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Table 4.1. Quantitative parameters for the adhesion process of LAB and pathogens on    
HT-29 cells  
 

Bacterial Strains Dissociation constant                 

(kd)                                                

(× 10-6 log10 CFU/mL) 

Maximum number of 

adhered cells                

(em)                                      

(log10 CFU/mL                                

per 10,000 HT-29 cells) 

L. plantarum DF9 0.224 ± 0.005 
3.09 ± 0.16 

 

L. plantarum CRA21 0.898 ± 0.082 
2.28 ± 0.3 

 

L. plantarum CRA38 0.30 ± 0.046 
2.95 ± 0.15 

 

L. plantarum CRA49 0.58 ± 0.09 
2.51 ± 0.12 

 

L. plantarum CRA52 0.62 ± 0.02 
2.37 ± 0.02 

 

L. rhamnosus GG 0.12 ± 0.08 
3.16 ± 0.24 

 

L. plantarum MTCC 1325 0.60 ± 0.019 
2.59 ± 0.24 

 

L. plantarum MTCC 1407 0.27 ± 0.02 
2.72 ± 0.14 

 

L. plantarum MTCC 1746 0.84 ± 0.042 
2.32 ± 0.116 

 

L. plantarum NCIM 2592 0.88 ± 0.06 
2.18 ± 0.16 

 

E. faecalis MTCC 439 0.48 ± 0.025 
2.89 ± 0.28 

 

S. aureus MTCC 740 0.80 ± 0.054 
3.67 ± 0.42 

 
 

separated from the cluster of L. plantarum MTCC 1407 and L. plantarum CRA38 by a 

large distance of 7.5 units, indicating that there was a considerable difference in 

adhesion inhibition potential between the LAB strains of these two clusters (Figure 

4.10C).   

 

4.3.3. Quantitative analysis of adhesion inhibition of pathogens by native L. plantarum  

To gain further insight, assessment of adhesion inhibition of varying concentrations of                                 

E. faecalis MTCC 439 and S. aureus MTCC 740 by the LAB strains was pursued using 

the dual dye FCM, and the dissociation constant (kd) and the maximum number of 

adhered cells (em) of the pathogen were ascertained as mentioned previously in section 

4.2.6. In the absence of any pathogen, L. plantarum DF9 and L. rhamnosus GG 
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demonstrated the lowest kd and highest em indicating their high affinity to host cell 

receptors and their ability to adhere in large numbers onto host cells, while                            

L. plantarum CRA38 and L. plantarum MTCC 1407 demonstrated inferior adhesion 

process parameters (Table 4.1). Further, in the absence of any LAB, E. faecalis MTCC 

439 displayed a lower kd as compared to S. aureus MTCC 740, implying a superior 

interaction with HT-29 cells (Table 4.1). Subsequently, the three modes of adhesion 

inhibition of E. faecalis MTCC 439 and S. aureus MTCC 740 were pursued with 

different LAB strains and the variables from the dose-dependent adhesion of the 

pathogen was used to derive kd and em. In the exclusion mode, there was an increase in 

kd and decrease in em for E. faecalis MTCC 439, and this trend was unequivocally 

observed in presence of all the LAB strains (Figure 4.11A-4.11B). The differences 

observed in the change in kd and em of E. faecalis MTCC 439 in presence of the LAB 

strains can perhaps be attributed to the inherent variations in the adhesion of the tested 

LAB strains onto HT-29 cells. In presence of L. plantarum DF9 and                                 

L. rhamnosus GG, the increase in kd was highest and the em was markedly less                         

(Figure 4.11A-4.11B). In the exclusion model, the initial strong adhesion of                  

L. plantarum DF9 or L. rhamnosus GG onto HT-29 cells as evident in the lower kd of 

these LAB strains as compared to E. faecalis MTCC 439 (Table 4.1) could be critical 

for efficient exclusion of the pathogen. Further, L. plantarum DF9 and L. rhamnosus 

GG rendered a comparable change in the adhesion process parameters (kd and em) for    

E. faecalis MTCC 439 in the exclusion mode of assay (Figure 4.11A-4.11B), which can 

perhaps be ascribed to the comparable adhesion of L. plantarum DF9 and L. rhamnosus 

GG onto HT-29 cells as observed in the FCM analysis using a single dye (Figure 4.6A). 

In competition mode, the adhesion process parameters of E. faecalis MTCC 439 was 

observed to change based on the LAB strain (Figure 4.11C-4.11D). For instance, in 

presence of L. plantarum DF9, the kd and em for E. faecalis MTCC 439 were observed 

to be 7.26 ± 0.2 x 10-6 log10 CFU/mL and 1.95 ± 0.12 log10 CFU/mL per 10,000 HT-29 

cells, respectively (Figure 4.11C-4.11D). Presumably, the higher binding affinity of                

L. plantarum DF9 as compared to that of E. faecalis MTCC 439 (Table 4.1) rendered  

L. plantarum DF9 to prevail over E. faecalis MTCC 439 in the adhesion assays 

conducted in competition mode. In the displacement mode, the inhibition of adhesion 

of E. faecalis MTCC 439 cells onto HT-29 cells was considerably lower (Figure 4.11E-

4.11F), wherein an increase in kd was observed only in the case of L. plantarum DF9  
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Figure 4.11. Change in adhesion process parameters of E. faecalis MTCC 439 imparted by 

LAB strains. (A-B) exclusion mode of adhesion inhibition, (C-D) competition mode of 

adhesion inhibition, (E-F) displacement mode of adhesion inhibition. 1. L. plantarum DF9,                

2. L. plantarum CRA21, 3. L. plantarum CRA38, 4. L. plantarum CRA49, 5. L. plantarum 

CRA52, 6. L. rhamnosus GG, 7. L. plantarum MTCC 1325, 8. L. plantarum MTCC 1407,              

9. L. plantarum MTCC 1746, 10. L. plantarum NCIM 2592. 

 

and L. rhamnosus GG. Presumably, the LAB strains had a minimal effect in the 

displacement mode owing to prior occupation of HT-29 cells by E. faecalis MTCC  
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Figure 4.12. Principal component analysis to determine the relative influence of various LAB 

strains on the kd and/or em of pathogen adhesion onto HT-29 cells. 1. L. plantarum DF9,                            

2. L. plantarum CRA21, 3. L. plantarum CRA38, 4. L. plantarum CRA49, 5. L. plantarum 

CRA52, 6. L. rhamnosus GG, 7. L. plantarum MTCC 1325,   8. L. plantarum MTCC 1407, 9. 

L. plantarum MTCC 1746, 10. L. plantarum NCIM 2592. 

 

439. It may also be mentioned here that in case of adhesion inhibition of S. aureus 

MTCC 740 by L. plantarum DF9, a similar trend was observed and the adhesion 

process parameters were observed to decrease albeit to a lesser magnitude as compared 

to E. faecalis MTCC 439 (Figure A4.5 in Appendix). 

 

4.3.4. Principal component analysis (PCA) for inhibition of pathogen adhesion by LAB 

A nuanced understanding of the change in adhesion process parameters i.e. kd and/or em 

of the pathogen by the LAB strains could perhaps provide a better selection guideline 

for identifying promising LAB strains, that hold potential in inhibiting pathogen 

adhesion onto intestinal cells. To this end, a principal component analysis (PCA) was 

performed (Fernandes et al., 2014; Ringner, 2008) based on the relative change in kd 

and em of the pathogens in presence of various LAB strains. It was interesting to 

observe that L. rhamnosus GG, L. plantarum DF9, L. plantarum CRA38 and                          

L. plantarum MTCC 1407 exhibited a high value for component 1 (Figure 4.12 and 

Table A4.1 in Appendix), which implied that these strains imparted a significant effect 

on both kd and em of pathogen and consequently had a strong propensity to inhibit 

pathogen adhesion on HT-29 cells. Multiple kinds of receptors present on host cells 

may play a role in the adhesion of LAB as well as gastrointestinal pathogens (Hartlova 

et al., 2010; Cho et al., 2012; Svensson et al., 2006). Based on PCA, it may be 
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presumed that the strong adhesion of these LAB strains is likely driven by their 

efficient interactions with high affinity receptors on HT-29 cells. However, it is also 

possible that these LAB strains may additionally bind to receptors critical for pathogen 

adhesion and diminish their accessibility. Consequently, the competing pathogen may 

be able to bind to other available receptors having low affinity, which is perhaps 

manifested as an increase in the kd and decrease of the adhesion process in case of the 

pathogen (Figure 4.11 and Figure A4.5 in Appendix). Secondly, since these LAB 

strains inherently display strong adhesion potential onto HT-29 cells and adhere in high 

numbers (Table 4.1), the pathogens E. faecalis and S. aureus thus adhere in lesser 

numbers, leading to a decrease in their em. Thus, the PCA results suggest that these 

LAB strains, which significantly deter pathogen adhesion onto the host cell (evidenced 

by the large change in kd and em of the pathogen) perhaps qualify as probiotic strains 

that may be suitable in therapeutic interventions meant for imparting long-term effects 

in the gastro-intestinal niche, such as in eliciting immunomodulatory responses in 

intestinal cells.  

L. plantarum CRA52, L. plantarum MTCC 1325 and L. plantarum CRA49 

displayed a high value for component 2 (Figure 4.12 and Table A4.1 in Appendix), 

reflecting that these strains imparted a larger change on kd as compared to em of 

pathogen. Since these LAB strains display superior affinity (kd) to HT-29 cells as 

compared to the pathogens (Table 4.1), they were perhaps able to hinder the pathogen’s 

adhesion, as captured in the change in the kd in case of the pathogens (Figure 4.11 and 

Figure A4.5 in Appendix). However, it is to be noted that the adhesion potential of 

these LAB strains is relatively less as compared to L. rhamnosus GG and L. plantarum 

DF9 (Figure 4.6A and Table 4.1). Consequently, obstruction of the host cell receptors 

for adhesion of the pathogen is perhaps comparatively less, enabling pathogen adhesion 

in larger numbers thereof, which is reflected as a minimal change in the em of pathogen 

(Figure 4.11 and Figure A4.5 in Appendix). In terms of the potential of L. plantarum 

CRA52, L. plantarum MTCC 1325 and L. plantarum CRA49 in anti-adhesion 

intervention, PCA seems to suggest that these LAB strains need to be used in large 

numbers in order to overwhelm and inhibit adhesion of the pathogen.   

Finally, L. plantarum CRA21, L. plantarum 1746 and L. plantarum NCIM 2592 

score high on component 3 (Figure 4.12 and Table A4.1 in Appendix), which implies 

that these strains failed to impart any notable change in either the kd or em of pathogen                         

(Figure 4.11 and Figure A4.5 in Appendix). This observation can perhaps be attributed  
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Figure 4.13. Dual color FCM-based adhesion assay to ascertain the effect of antibiotics or 

bacteriocins on L. plantarum DF9 and E. faecalis MTCC 439 cells adhered onto HT-29 cells.                 

(A) Adhered cells of LAB and pathogen (untreated), (B) Adhered cells of LAB and pathogen 

treated with gentamicin, (C) Adhered cells of LAB and pathogen treated with plantaricin A.  

 

to their weak adhesion propensity onto HT-29 cells as evidenced previously (Figure 

4.6A and Table 4.1). Collectively, PCA analysis of the dual color FCM data rendered 

an insightful and quantitative tool to study the mechanistic facets of LAB vis-à-vis 

pathogen adhesion onto host cells and provided a guideline for selecting appropriate 

LAB strains that may hold promise in anti-adhesion therapy against gastro-intestinal 

pathogens.   

 

4.3.5. Effect of antibacterial agents on host-adhered LAB and Pathogen   

Administration of therapeutic antibiotics can impart significant collateral eradication of 

beneficial gut microbiome, leading to ailments such as antibiotic-associated diarrhea 

(Baumler and Sperandio, 2016; Langdon et al., 2016). Given this predicament, there is 

an urgent need for therapeutic arsenals, which can selectively target the pathogen, 

causing minimal damage to the beneficial gut microbes. In this context, bacteriocins 

secreted by LAB are promising, owing to their selective activity towards 

gastrointestinal pathogens such as L. monocytogenes, E. faecalis and S. aureus (Cotter 

et al., 2013; Drider et al., 2006). However, a facile and an accurate screening tool is 

critical to verify the potential of bacteriocins in selective antimicrobial therapy. In order 

to simulate the gastro-intestinal niche in a pathogen infection model, an in vitro 

adhesion assay was set up with both L. plantarum DF9 and E. faecalis MTCC 439 and 

the effect of extraneously added LAB bacteriocins and model therapeutic antibiotics on 

both the LAB as well as the pathogen were evaluated by the dual color FCM analysis. 

In the absence of any antimicrobial agent, FCM indicated that percentage of                           
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Figure 4.14. (A) and (B) refer to relative change in the number of adhered cells upon treatment 

with antibiotics or bacteriocins, respectively.  

 

L. plantarum DF9 and E. faecalis MTCC 439 adhered onto HT-29 cells were 44.4% 

and 37.5%, respectively (Figure 4.13A). In an independent experiment, when the 

adhered cells were treated with gentamicin (100 µg/mL), there was a sharper reduction 

in the population of L. plantarum DF9 (22.1%) as compared to E. faecalis MTCC 439 

(61.8%) (Figure 4.13B), implying that elimination of E. faecalis by gentamicin was 

associated with a high collateral damage to L. plantarum DF9. In a separate 

experiment, addition of plantaricin A (800 AU/mL) on the adhered population of LAB 

and the model pathogen led to a sharper reduction in the adhered population of                         

E. faecalis MTCC 439 (17.4%) as compared to L. plantarum DF9 (70.5%), suggesting 

that the bacteriocin was selective and could render a preferable eradication of adhered 

E. faecalis MTCC 439, with minimal effect on the adhered population of                           

L. plantarum DF9 (Figure 4.13C).                          

The analytical merit of the dual color FCM analysis in distinguishing collateral 

damage associated with the use of antibiotics as opposed to selective abrogation of  

pathogenic bacteria using LAB bacteriocins was further substantiated in experiments 

with other antibiotics and bacteriocins as well (Figure 4.14A-4.14B). The observations 

of FCM analysis (Figure 4.13) was also corroborated in cell imaging studies, which 

indicated the presence of relatively higher numbers of either E. faecalis MTCC 439 or 

L. plantarum DF9 adhered onto HT-29 cells following treatment with either the 

antibiotic or the bacteriocin, respectively (Figure 4.15, panels i-xv).  
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Figure 4.15. Fluorescence microscopic analysis to ascertain the effect of antibiotics and 

bacteriocins on L. plantarum DF9 and E. faecalis MTCC 439 cells adhered onto HT-29 cells. 

Panels i-v: untreated adhered cells, Panels vi-x: adhered cells treated with gentamicin and 

Panels xi-xv: adhered cells treated with plantaricin A, respectively. Scale bar for the images is 

100 μm.  

    

4.4. Significant Findings 

The salient findings of this chapter are as follows:  

 

1. The present study suggested that FCM-based analysis of differentially labelled 

LAB and pathogens can be effectively used to study their relative adhesion onto 

HT-29 cells.  

2. The reliability of the FCM-based analysis was established as the Bland-Altman 

analysis indicated that quantification of adhered bacterial cells by FCM analysis 

was on par with the conventional plating method.  

3. Adhesion inhibition assays using dual color FCM-based experiments suggested 

that in the exclusion mode a higher level of adhesion inhibition of                                                    

E. faecalis MTCC 439 onto HT-29 cells was observed as compared to 

competition and displacement mode. On performing a comparative assessment 

of adhesion inhibition potential of LAB strains using hierarchical cluster 
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analysis (HCA), L. plantarum DF9 clustered closely with the standard probiotic 

L. rhamnosus GG.  

4. Estimation of the adhesion process parameters (kd and em) in conjunction with a 

principal component analysis provided a mechanistic insight on the comparative 

adhesion propensities of LAB and the model pathogen and rendered a means to 

screen and select LAB strains that may hold potential in anti-adhesion therapy.  

5. Encouragingly, bacteriocins from LAB were found to selectively abrogate the 

adhered cells of E. faecalis MTCC 439, while having no effect on adhered                             

L. plantarum DF9, and this phenomenon was in contrast to the significant 

elimination of the adhered LAB strain upon exposure to antibiotic treatment.  

In the present study, native LAB were found to demonstrate potent adhesion inhibition 

of gastrointestinal pathogens onto HT-29 cells chosen as model intestinal cells. It is 

envisaged that the promising native isolates of LAB may find application in niche-

specific therapeutic interventions. In this context, it was interesting to observe in the 

present study that bacteriocins from LAB could selectively abrogate adhered cells of 

gastrointestinal pathogens. In order to leverage this potential and expand the scope of 

LAB bacteriocins in mitigation of gastro-intestinal pathogens, it is pertinent to develop 

a delivery system that would render favorable sustained delivery of the bacteriocin and 

preserve its activity in the harsh niche during gastric transit. In line with this rational, 

the next chapter describes the development of a robust nanocarrier for sustained 

delivery and retention of antibacterial activity of bacteriocin during gastric transit.  
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Bacteriocin-loaded Nanocomposite for Mitigation of 

Gastrointestinal Pathogenic Bacteria 

 

This chapter describes the development of pediocin-loaded milk protein nanocomposite 

(Ped-MNC) that renders retention of antibacterial activity of the bacteriocin through 

gastric transit in presence of simulated gastric fluid (SGF) and simulated colonic fluid 

(SCF).  
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ABSTRACT 

Bacteriocins secreted by lactic acid bacteria (LAB) are promising therapeutic 

antibacterials against gastrointestinal pathogens considering their narrow spectrum of 

antimicrobial activity and minimal effect on the beneficial gut microflora. A major 

bottleneck for application of LAB bacteriocins is their susceptibility to proteolytic 

inactivation by enzymes during gastric transit. In an effort to address this issue, the 

present chapter describes the generation of a milk protein nanoparticle (MNP), wherein 

the activity of the encapsulated LAB bacteriocin pediocin is protected against 

proteolytic inactivation by pepsin present in simulated gastric fluid (SGF). Pasteurized 

cow milk was decaseinated by acid treatment followed by lyophilization to yield a milk 

protein extract (MPE). Subsequent incubation of pediocin in presence of MPE in SGF 

indicated nearly 72% retention of pediocin activity against the target pathogen                       

L. monocytogenes Scott A. On performing isothermal calorimetry (ITC), the binding 

between MPE and pepsin present in SGF was found to be efficient and exothermic. 

Circular dichroism spectroscopy indicated that the β-sheet content of pepsin present in 

SGF decreased from 74% to 45.8% in presence of MPE. This perturbation in the 

secondary structure of pepsin could be further correlated with the competitive 

inhibition of pepsin in presence of MPE. Subsequently, MNP were prepared from MPE 

by desolvation and pediocin was loaded onto it to generate pediocin-loaded milk 

protein nanocomposite (Ped-MNC). Encouragingly, Ped-MNC demonstrated nearly 

64% retention of anti-listerial activity in SGF. Interestingly, akin to MPE, MNPs 

exhibited strong binding with pepsin, rendered distortion of the secondary structure of 

the enzyme as captured in the decrease in the β-sheet content of pepsin present in SGF 

from 74% to 57.2% and emerged as a competitive inhibitor of the enzyme. In a 

simulated gastric transit experiment, Ped-MNC was found to render 3.0 log reduction 

in the cell viability of model gastrointestinal pathogens L. monocytogenes, E. faecalis 

and S. aureus. In vitro cytotoxicity assays revealed that the developed nanocomposite                   

Ped-MNC was non-toxic at bactericidal concentrations. It is envisaged that the 

developed nanocomposite can be used as rational therapeutic agent against 

gastrointestinal pathogens.     
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5.1. Introduction 

Bacterial infections in the gastrointestinal tract have been reported to be responsible for 

morbidity and mortality worldwide (Gibson and Barrett, 2010; Rodriguez et al., 2011; 

Humphries et al., 2015; Kirk et al., 2015). In this context, Listeria monocytogenes, 

Enterococcus faecalis and Staphylococcus aureus have been implicated in intestinal 

infections (Allen et al., 2016; Barbuddhe and Chakraborty, 2009; Steck et al., 2011; 

Shogan et al., 2015; Kernbauer et al., 2015). Further, the prevalence of antibiotic 

resistance genes in E. faecalis and their possible dissemination to other pathogens 

present in the gut (Werner et al., 2012) is a cause of concern. Mitigation of pathogenic 

bacteria by antibiotic treatment has been counterproductive, leading to an abrogation of 

the beneficial microbes and consequent proliferation of opportunistic pathogenic 

bacteria (Ferrer et al., 2014; Lin et al., 2010). Commensal gut microflora are known to 

hinder pathogen invasion by a phenomenon termed as “colonization resistance” (Buffie 

and Pamer, 2013, Abt and Pamer, 2014). Hence, the absence of a healthy microbiota 

can lead to enhanced susceptibility to infections (Fukuda et al., 2011). Antibiotic use is 

known to change the composition of the gut bacterial community, killing susceptible 

organisms, and thus allowing resistant ones to propagate leading to community 

disruption or dysbiosis (Pham and Lawley, 2014). For example, it has been reported 

that upon exposure to a combination of ampicillin and gentamicin, there was a 

profound loss of beneficial bacteria such as Lactobacillus and Bifidobacterium and an 

increase in the population of Enterobacteriaceae, presumably owing to the loss in 

overall diversity of the beneficial microflora (Fouhy et al., 2012). Further, the 

propensity of enterococci to produce β-lactamase, which can render resistant trait 

against β-lactam based therapeutic antibiotics is a serious concern in the healthcare 

regime (Bush, 2010; Weisser et al., 2012).  

Based on the above mentioned rational, there is a distinct need for therapeutic 

arsenals, which can selectively target the gastrointestinal pathogen and render minimal 

damage to the beneficial gut microbes. In this context, antibacterial agents, which 

possess a narrow spectrum of activity towards gastrointestinal pathogens such as                   

L. monocytogenes, S. aureus and E. faecalis are emerging as viable therapeutic agents 

(Drider et al., 2006; Cotter et al., 2013; Eckert et al., 2006; Fosgreau and Torsten, 

2015). In particular, bacteriocins, which are natural membrane-acting antimicrobial 

peptides (AMPs) secreted by LAB have come to the forefront. Encouragingly, the 

optimism associated with bacteriocins from LAB has gained momentum with emerging 

TH-2159_126106018



Introduction  Chapter 5 

111 
 

reports on their potential as new therapeutic agents against human pathogens, apart 

from their conventional food applications (Drider et al., 2006; Cotter et al., 2005; 

Cotter et al., 2013; Cavera et al., 2015; Chikindas et al., 2018).  

LAB bacteriocins have been demonstrated to be effective against potential 

gastrointestinal pathogens such as L. monocytogenes, S. aureus and E. faecalis                     

(Rodríguez et al., 2002; Umu et al., 2016; Singh et al., 2012a). In particular, the LAB 

bacteriocin pediocin from Pediococci is an important candidate bacteriocin considering 

its potent activity against several gastrointestinal pathogens (Drider et al., 2006; Blay et 

al., 2007; Dabour et al., 2009; Umu et al., 2016). The dual properties of pediocin-like 

bacteriocins, which includes their potent antibacterial activity against a narrow 

spectrum of gram-positive pathogens and the absence of a collateral damage towards 

the commensal microflora highlights their therapeutic potential (Dobson et al., 2012; 

Porto et al., 2017). However, a major bottleneck in the application of LAB bacteriocins 

for the mitigation of gastro-intestinal pathogen is their susceptibility to proteolytic 

inactivation in the gastric milieu. This necessitates the development of a bacteriocin 

delivery system which renders protection against proteolytic cleavage, supports a 

favorable release kinetics of the payload and retains the activity of the bacteriocin 

during gastric transit. Based on this rational, this chapter describes the generation of a 

pediocin-loaded milk protein nanocomposite for protection of the bacteriocin against 

proteolytic inactivation in gastric fluid as well as for sustained release of the bacteriocin 

molecule. Finally, the therapeutic potential of the developed nanocomposite is 

demonstrated during a simulated gastric transit experiment on model gastrointestinal 

pathogens L. monocytogenes Scott A, E. faecalis MTCC 439 and S. aureus MTCC 96.  
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 5.2. Materials and Methods 

5.2.1. Growth media and chemicals 

5 (and 6)-carboxyfluorescein diacetate succinimidyl ester (cFDA-SE), pepsin, human 

serum albumin (HSA), 3,3’-dipropylthiadicarbocyanine iodide (DiSC35), 12.0 kDa cut-

off dialysis bag, 1.0 KDa cut-off dialysis bag, Dulbecco’s modified Eagle’s Medium 

(DMEM), penicillin-streptomycin and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) reagent were obtained from Sigma-Aldrich Chemicals, 

USA. Glutaraldehyde was purchased from Merck, Mumbai, India. HEPES buffer was 

procured from Sisco Research Laboratories (SRL), Mumbai, India. Brain-Heart 

infusion (BHI) broth, deMan, Rogosa and Sharpe (MRS) broth and trichloroacetic acid 

(TCA) were purchased from Himedia, Mumbai, India. 

 

5.2.2. Bacterial strains and growth conditions 

The target pathogens used in the present investigation comprised of Listeria 

monocytogenes Scott A (L. monocytogenes Scott A), Enterococcus faecalis MTCC 439   

(E. faecalis MTCC 439) and Staphylococcus aureus MTCC 96 (S. aureus MTCC 96). 

Prior to experiments, the bacterial strains were propagated in Brain-Heart Infusion 

(BHI) broth at 37 °C and 180 rpm for 12 h. Pediococcus pentosaceus CRA51                                           

(P. pentosaceus CRA51) was propagated in MRS broth at 37 °C in static condition for              

24 h. 

 

5.2.3. Purification of pediocin  

The steps involved in the purification of pediocin from P. pentosaceus CRA51 were as 

follows: 

1. P. pentosaceus CRA51 was initially grown in 5.0 mL MRS medium at 37oC for       

24 h in static condition. The grown culture was then used to inoculate 25 mL 

MRS medium (1% v/v) taken in a conical flask and grown again at 37oC for 24 

h in static condition. Subsequently, this culture was used to inoculate 1.0 L 

MRS medium (2% v/v) taken in a 2.0 L conical flask and grown at 37oC for 24 

h in static condition.  

2. The culture broth was then heat inactivated at 70oC for 30 min and the pH of the 

culture broth was adjusted to 6.0 with 10 N NaOH and stirred for 2 h to 

facilitate adsorption of pediocin present in the culture broth onto the producer 
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cells. The cell-adsorbed pediocin was recovered by centrifugation (Centrifuge 

5810R, Eppendorf, Germany) at 8000 x g for 15 min at 4oC.  

3. The cells were washed twice by resuspending in 25 ml of 10 mM phosphate 

buffer (pH 6.0), followed by centrifugation at 8000 x g for 15 min at 4oC and 

the buffer washings were discarded.  

4. Subsequently the cells were resuspended in 25 ml of 100 mM NaCl solution and 

the pH of the solution was adjusted to 2.0 by gradual addition of 5.0% 

orthophosphoric acid. The mixture was then stirred at 4oC for 18 h and then 

centrifuged at 10,000 x g for 15 min at 4oC.  

5. The supernatant was filtered through 0.22 µm sterile disposable filter 

(Millipore, USA) and dialyzed for 24 h against deionized water using a 1.0 KDa 

cut-off dialysis bag (Sigma-Aldrich, USA).  

6. The dialysate was freeze-dried in a lyophilizer (Scanvac Coolsafe 100-9 Pro, 

Labogene ApS, Denmark). The lyophilized dialysate was referred to as purified 

pediocin (Ped).   

7. The pediocin activity in this purified sample was ascertained by spot-on-lawn 

method and expressed as arbitrary units per mL (AU/mL) as described in a 

previous study (Singh et al., 2012a). 

 

5.2.4. Purification of milk protein extract (MPE) 

Purification of the milk protein extract (MPE) encompassed the following steps: 

1. Ten cartons of 500 mL of pasteurized homogenized milk (Amul Taaza) was 

procured from a local retail store (Amul Parlour). 

2. The milk sample from the carton was distributed into sterile 50 mL oakridge 

tubes and defatted by centrifugation (Centrifuge 5810R, Eppendorf, Germany) 

at 1000 × g for 10 min at 4 °C. 

3. The supernatant was collected in a sterile conical flask and the pH was adjusted                  

to 4.0 by dropwise addition of 2.0 M acetic acid.  

4. Subsequently, the solution was centrifuged (Optima Max-XP Ultracentrifuge, 

Beckman Coulter, USA) at 26,000 × g for 30 min at 4 °C and the supernatant 

was collected in a sterile conical flask.  

5. The pH of the supernatant was adjusted to pH 7.0 by dropwise addition of                                  

1.0 N NaOH and centrifuged again at 1000 × g for 10 min at 4°C to obtain a 

clear solution.  
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6. The supernatant was then dialyzed extensively at 4oC in a 12.0 kDa cut-off 

dialysis bag (Sigma-Aldrich, USA) against deionized water with a change of 

water every 1 h. The dialysate was then lyophilized and labelled as milk protein 

extract (MPE) and stored at -80 °C until further use. 

 

5.2.5. Preparation of pediocin-milk protein extract (Ped-MPE) complex 

Initially, a stock solution of purified pediocin (Ped) having a protein concentration of                       

155 µg/mL, which corresponded to bacteriocin activity of 1600 AU/mL, was prepared 

in sterile MilliQ water. A 10 mg/mL stock of MPE and HSA were also prepared in 

sterile MilliQ water. To initiate the formation of pediocin-milk protein extract (Ped-

MPE) complex, the respective stock solutions of Ped and MPE were mixed in 

appropriate proportions to yield a solution wherein the final pediocin concentration was 

9.8 µg/mL (100 AU/mL), 19.5 µg/mL (200 AU/mL) and 38.3 µg/mL (400 AU/mL), 

respectively, while the MPE concentration was 1.0 mg/mL. Likewise, formation of 

pediocin-HSA (Ped-HSA) complex was also initiated so as to achieve an equivalent 

concentration of Ped and HSA in the complex as mentioned for Ped-MPE complex. For 

one set of samples, the pH of the solution was then adjusted to 2.0 with 0.1 N HCl. In a 

separate set, the pH of the solution containing either Ped and MPE or Ped and HSA was 

not adjusted for performing control experiments. Subsequently, the contents of the 

solution were allowed to mix thoroughly in a shaking incubator at 37°C for 12 h to 

facilitate formation of Ped-MPE complex and Ped-HSA complex. The Ped-MPE and 

Ped-HSA complex was always prepared fresh prior to experiments unless stated 

otherwise.  

 

5.2.6. In vitro digestion of Ped-MPE in simulated gastric fluid (SGF)  

SGF consisted of pepsin (3.0 g/L) suspended in 0.5 % w/v sterile saline and the pH of 

SGF was adjusted to 2.0 using 0.1 N HCl (Charteris et al., 1998). Subsequently, in 

separate sets, solution of either Ped or Ped-MPE, each having a pediocin activity of 400 

AU/mL were taken. Subsequently, the pH of these solutions were adjusted to 2.0 using 

0.1 N HCl and the solutions were then added to equal volume of double strength SGF 

(2X SGF) and incubated for 2 h. Likewise, in separate sets, solution of either pediocin 

or Ped-MPE having a pediocin activity of 400 AU/mL were taken. The pH of these 

solutions were adjusted to 7.0 and then the solutions were added to equal volume of 10 

mM phosphate buffer (pH 7.0) and incubated for 2 h. All the experiments were 
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performed in three independent sets and every set consisted of three replicates. 

Following incubation, pediocin activity in the samples was ascertained by agar well 

diffusion assay and cFDA-SE based fluorescence assay as follows:  

 

5.2.6.1. Agar well diffusion assay 

The assay plates had a bottom layer of BHI agar (1.5% agar), which was overlaid with 

BHI soft agar (0.8% agar) seeded separately with 106 cells of freshly grown target cells 

of L. monocytogenes Scott A. Requisite number of holes of 6.0 mm diameter was 

punched in all the assay plates. To each well, 30 μL of test sample was added. The 

plates were pre-incubated at 4 °C for 3 h to facilitate diffusion of the sample followed 

by incubation at 37°C for 24 h. The bactericidal activity of the samples was determined 

by observing the zone of inhibition produced around the wells. 

 

5.2.6.2. Fluorescence-based cFDA-SE leakage assay 

Target cells of L. monocytogenes Scott A were labelled with cFDA-SE as described 

previously in section 3.2.5 of Chapter 3. The labelled cells (approximately 106 

CFU/mL) were treated with either pediocin or Ped-MPE, which were subjected to in 

vitro digestion in either SGF (pH 2.0) or 10 mM phosphate buffer (pH 7.0). The 

treatment of the cells was pursued at 37oC and 180 rpm for 3 h. Subsequently, all the 

samples were centrifuged at 8,000 × g for 10 min. Leakage of carboxyfluorescein from 

cells was determined by measuring fluorescence of the cell free supernatant at an 

excitation wavelength of 488 nm and emission wavelength of 518 nm in a 

spectrofluorimeter (FluoroMax-4, HORIBA, Japan). The fluorescence measurements 

were recorded after subtracting the fluorescence of effluxed dye from control samples. 

The fluorescence intensity (FT) of leaked cFDA obtained for cells treated with pure 

pediocin (200 AU/mL) incubated in 10 mM phosphate buffer (pH 7.0) was considered 

as maximum pediocin activity (100%). The fluorescence intensity (FA) of cFDA 

obtained for cells treated with either Ped or Ped-MPE were then compared with that 

obtained for pediocin incubated in 10 mM phosphate buffer (pH 7.0) for ascertaining 

the relative pediocin activity. Pediocin activity was calculated as follows: [(FA/FT) × 

100]. Fluorescence measurements were taken for three independent experimental 

samples having three replicates each. A schematic representation of the cFDA-SE 

leakage assay is indicated in Figure 5.1.  
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5.2.7. Characterization of MPE-SGF interaction  

5.2.7.1. Dynamic light scattering (DLS) analysis 

For DLS analysis, MPE (1.0 mg/mL) was incubated in SGF for 2 h. Subsequently, the 

solution was diluted twentyfold in sterile milliQ water (pH 2.0) and subjected to DLS 

analysis (Zeta Sizer, Malvern, UK). Independently, MPE (1.0 mg/mL) and SGF were 

also diluted twentyfold in sterile milliQ water (pH 2.0) and subjected to DLS analysis 

(Zeta Sizer, Malvern, UK). All the experiments were performed in three independent 

sets and every set consisted of three replicates. 

 

5.2.7.2. Isothermal calorimetry (ITC) 

ITC measurements were made at 37 °C using a VP-ITC device (MicroCal, 

Northampton, USA). To prevent the formation of air bubbles, the buffers were 

degassed under vacuum prior to experiment. MPE and pepsin were dissolved in 0.5% 

NaCl sterile solution pH 2.0 so as to minimize heats of dilution. To study the binding of 

pepsin and MPE, pepsin (0.3%) was dissolved in 0.5% NaCl solution pH 2.0 and 

loaded onto the cell and titrated against MPE (0.5 mg/mL). Integrated heat effects, after 

correction for heats of dilution, were analyzed by non-linear regression using a single 

site-binding model (Microcal Origin, version 5.0).  

 

5.2.7.3. Circular dichroism (CD) 

For CD spectra analysis, MPE solution (0.5 mg/mL) was added to SGF, and incubated 

for 2 h. The CD spectra of SGF, MPE and MPE (incubated in SGF) were recorded 

between 240 and 190 nm on a spectropolarimeter (JASCO, J-815) with a 2.0 mm path 

length cuvette at 25°C. CD spectra of the respective buffers were also recorded and 

subtracted from the sample readings to eliminate the background signal. For every 

sample, three scans were recorded and averaged in order to improve the signal-to-noise 

ratio. Data were digitally acquired every 1 nm and the obtained spectra was smoothed 

using the instruments in-built program.   

 

5.2.7.4. Enzyme kinetics 

Simulated gastric fluid (SGF) consisted of pepsin (3.0 g/L) suspended in 0.5 % w/v 

sterile saline and the pH of SGF was adjusted to 2.0 using 0.1 N HCl (Charteris et al., 

1998). Subsequently, in separate sets, solution of either Ped or Ped-MPE (pH adjusted  
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Figure 5.1. Schematic representation of experimental protocol of fluorescence-based cFDA-SE 

leakage assay to ascertain the pediocin activity.  
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Figure 5.2. Schematic representation of the experimental protocol for preparation of milk 

protein nanoparticle (MNP).  

 

to 2.0) having pediocin concentration from 10 µg/mL to 80 µg/mL were added to SGF. 

Subsequently, 0.5 mL of either Ped in SGF or Ped-MPE in SGF was aspirated and 

mixed with 0.5 mL TCA (10% w/v) and incubated at 37 °C for 15 min. Following 

incubation, the solution was centrifuged at 9,000 x g for 20 min and the absorbance of 

the supernatant was measured at 280 nm. All the experiments were performed in 

triplicates and the mean and standard deviations was calculated. 

 

5.2.8. Preparation of milk protein nanoparticle (MNP)  

Briefly, 200 mg of MPE was dissolved in 2.0 mL of Milli-Q water (pH adjusted to 8.2). 

The protein solution was then stirred for 2 h in room temperature to obtain a clear 

solution. Subsequently, methanol was added at a rate of 1.0 mL/min to a final volume 

of 10 mL, leading to the formation of a colloidal solution. The colloidal solution was 

then stirred at room temperature for another 15 min. Finally, 100 µL of 8.0 % 

glutaraldehyde was added and the solution was stirred overnight at room temperature. 

Subsequently, the solution was centrifuged at 10,000 × g for 15 min. The supernatant 

was discarded and the pellet was washed twice using MilliQ water (pH adjusted to 8.2). 

The washings were discarded and the pellet, which was referred to as milk protein 

nanoparticle (MNP) was lyophilized and stored in -80 °C until further use. A schematic 

representation of the protocol for preparation of MNP is indicated in Figure 5.2. 
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5.2.9. Generation of pediocin-loaded milk protein nanocomposite (Ped-MNC)  

An aqueous solution of MNP was prepared initially by adding 2.0 mg of lyophilized 

MNP powder to 1.0 mL of 10 mM phosphate buffer (pH 7.4).  To this, purified 

pediocin (Ped) was added at a concentration of 155 µg/mL corresponding to a 

bacteriocin activity of 1600 AU/mL and the pediocin and MNP solution were incubated 

at 37°C for 18 h.  Subsequently, the solution was centrifuged at 10,000 × g for 15 min 

at 4°C to recover the pellet, which was referred to as pediocin-loaded milk protein 

nanocomposite (Ped-MNC). The generated nanocomposite (Ped-MNC) was lyophilized 

and stored in -80°C until further use.  

 

5.2.10. Characterization of MNP and Ped-MNC 

5.2.10.1. FESEM analysis 

Aliquots of MNP (2.0 mg/mL) and Ped-MNC (2.0 mg/mL MNP loaded with 800 

AU/mL pediocin) were added on a clean sterile cover slip. The samples were then air-

dried in a laminar hood and examined in a field emission scanning electron microscope                                

(Zeiss Sigma, USA). The particle size of MNP and Ped-MNC was determined using 

ImageJ software (http://rsb.info.nih.gov/ij).  

 

5.2.10.2. Dynamic light scattering analysis of MNP and Ped-MNC  

For particle size estimation, a sample of MNP (2.0 mg/mL in sterile MilliQ water,                       

pH adjusted to 8.2) was diluted tenfold in sterile MilliQ water (pH adjusted to 8.2) and 

subjected to DLS analysis (Zeta Sizer, Malvern, UK). Ped-MNC (2.0 mg/mL MNP 

loaded with a final concentration of 800 AU/mL Ped) was dispersed in 1.0 mL sterile 

MilliQ water (pH adjusted to 8.2). A 0.2 mL aliquot of this solution was further diluted 

to 1.0 mL in sterile MilliQ water (pH adjusted to 8.2) and subjected to particle size 

estimation by DLS. The DLS experiments were performed in three independent sets 

and every set consisted of three replicates.  

 

5.2.10.3. Differential scanning calorimetry and thermogravimetric analysis (DSC-

TGA) 

For ascertaining the thermal stability of MNP and Ped-MNC (lyophilized powder ~ 8.0 

mg each), the developed nanomaterials were subjected to DSC-TGA (Libra TG 209, 

NETZSCH, Germany).  The temperature range was fixed from 0 °C to 1200 °C with a 
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heating rate of 10 °C per minute under an inert atmosphere. The collected raw data was 

subjected to fitting using the instruments built-in program.    

 

5.2.10.4. Estimation of loading capacity (LC) and encapsulation efficiency (EE)  

For estimation of LC and EE, MNPs (2.0 mg/mL in sterile 10 mM phosphate buffer,                    

pH 7.4) were interacted with varying concentrations of Ped (4.8 µg/mL to 97.93 

µg/mL) for 18 h on a rocker at 37 oC. Following incubation, the solution was 

centrifuged at 10,000 × g for 5 min. The pellet, which represents Ped-MNC was 

resuspended in sterile 10 mM phosphate buffer (pH 7.4). The level of free Ped in the 

supernatant (in AU/mL) was determined using a standard curve obtained from the 

cFDA-SE leakage assay by following the method described previously (Singh et al., 

2012a). The loading capacity (LC) and encapsulation efficiency (EE) of MNP was 

calculated as follows:  

 

 

 where W Total Ped is the concentration of Ped (in mg/mL) used initially for preparing                          

Ped-MNC, W Free Ped is the concentration of free Ped (in mg/mL) recovered after 

formation of Ped-MNC and W np is the weight of MNP (in mg). 

 

5.2.10.5. In vitro release kinetics of pediocin from Ped-MNC  

To study the in vitro release kinetics of pediocin, Ped-MNC loaded with 800 AU/mL of 

pediocin was dispersed in separate sets in 1.0 mL of 10 mM HEPES buffer (pH 7.4) 

and 100 mM citrate buffer (pH 3.0), respectively. The samples were incubated in an 

orbital shaker at 180 rpm at 37 °C. At specific time intervals (3 h, 6 h, 9 h, 12 h and 24 

h) the samples were withdrawn and centrifuged at 10,000 × g for 15 min. The 

supernatant from various samples were transferred into a fresh microcentrifuge tube, 

and pediocin activity based on cFDA-based leakage assay was measured at 518 nm in a 

spectrofluorometer. The fluorescence intensity value at 518 nm and a previously 

generated calibration curve for pediocin levels (AU/mL) was used to measure the 
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quantity of pediocin released from Ped-MNC at specific time periods and expressed as 

%-cumulative release.  

  

5.2.11. In vitro digestion of Ped-MNC in simulated gastric fluid (SGF)  

In separate sets, solution of either Ped (800 AU/mL) or Ped-MNC (2.0 mg/mL MNP 

loaded with 800 AU/mL pediocin, pH adjusted to 2.0) were added to SGF and 

incubated for 2 h. Likewise, in separate sets, solution of either Ped (800 AU/mL) or                      

Ped-MNC (2.0 mg/mL MNP loaded with 800 AU/mL pediocin, pH adjusted to 7.4) 

were added to 10 mM phosphate buffer (pH 7.4) and incubated for 2 h. All the 

experiments were performed in three independent sets and every set consisted of three 

replicates. Following incubation, pediocin activity in the samples was ascertained by 

agar well diffusion assay and cFDA-SE based fluorescence assay by essentially 

following the methods described in section 5.2.6.1. and 5.2.6.2.  

 

5.2.12. Membrane depolarization assay 

L. monocytogenes Scott A cells were grown till mid-logarithmic phase (A600 = 0.4-0.5). 

The cells were harvested by centrifugation, washed with a buffer solution (5.0 mM 

HEPES buffer, 5.0 mM glucose, pH 7.2) and suspended in the same buffer (A600 of 

0.05). The cell suspensions were incubated with 0.4 μM DiSC35 for 1 h at 37 °C 

followed by the addition of 100 mM KCl. Subsequently, the labelled cells were 

harvested by centrifugation at 8,000 × g for 5 min, and resuspended in 5.0 mM HEPES, 

5.0 mM glucose, pH 7.2. The cell suspension (1.0 mL) was placed in separate cuvettes 

and was treated with either pediocin or Ped-MNC, which were subjected to in vitro 

digestion in either SGF (pH 2.0) or 10 mM phosphate buffer (pH 7.4). The fluorescence 

readings were monitored periodically (1 min interval) in a spectrofluorimeter 

(FluoroMax-4, HORIBA, Japan) at an excitation wavelength of 622 nm and emission 

wavelength of 670 nm. 

 

5.2.13. FESEM analysis  

Target cells of S. aureus MTCC 96 (approximately 6.0 log10 CFU/mL suspended in 

sterile PBS) was treated with Ped-MNC, which was prior exposed to in vitro digestion 

in SGF (pH 2.0). A 5.0 μL aliquot of cells treated with SGF-treated Ped-MNC was 

spotted on a clean sterile glass cover slip, air-dried in laminar hood and examined in a 

field emission scanning electron microscope (Zeiss Sigma, USA). 
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5.2.14. Characterization of MNP-SGF interaction  

5.2.14.1. Isothermal calorimetry (ITC)  

ITC measurements were made at 37 °C using a VP-ITC device (MicroCal, 

Northampton, USA). To prevent the formation of air bubbles, the buffers were 

degassed under vacuum prior to experiment. MNP and pepsin were dissolved in 0.5% 

NaCl sterile solution pH 2.0 so as to minimize heats of dilution. To study the binding of 

pepsin and MNP, pepsin (0.3%) was dissolved in 0.5% NaCl solution pH 2.0 and 

loaded onto the cell and titrated against MNP (0.5 mg/mL). Integrated heat effects, 

after correction for heats of dilution, were analyzed by non-linear regression using a 

single site-binding model (Microcal Origin, version 5.0).  

 

5.2.14.2. Circular dichroism (CD) 

For CD spectra analysis, MNP solution (0.5 mg/mL) was added to SGF, and incubated 

for 2 h. The CD spectra of SGF, MNP and MNP (incubated in SGF) were recorded 

between 240 and 190 nm on a spectropolarimeter (JASCO, J-815) with a 2.0 mm path 

length cuvette at 25 °C. CD spectra of the respective buffers were also recorded and 

subtracted from the sample readings to eliminate the background signal. For every 

sample, three scans were recorded and averaged in order to improve the signal-to-noise 

ratio. Data were digitally acquired every 1 nm and the obtained spectra was smoothed 

using the instruments in-built program.   

 

5.2.14.3. Enzyme kinetics 

Simulated gastric fluid (SGF) consisted of pepsin (3.0 g/L) suspended in 0.5 % w/v 

sterile saline and the pH of SGF was adjusted to 2.0 using 0.1 N HCl (Charteris et al., 

1998). In separate sets, solution of either Ped (pH adjusted to 2.0) or Ped along with 

MNP (1.0 mg/mL and pH adjusted to 2.0) having pediocin concentration from 10 

µg/mL to 80 µg/mL were added to SGF. Subsequently, 0.5 mL of either solution was 

aspirated at regular intervals, mixed with 0.5 mL TCA (10% w/v) and incubated at 37 

°C for 15 min. Following incubation, the solution was centrifuged at 9,000 × g for 20 

min and the absorbance of the supernatant was measured at 280 nm. All the 

experiments were performed in triplicates and the mean and standard deviations was 

calculated. 
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Figure 5.3. Schematic representation of the protocol for ascertaining the activity of Ped-MNC 

in a simulated gastric transit experiment.  

 

5.2.15. Activity of Ped-MNC in simulated gastric transit experiment 

SGF was prepared fresh as described previously in section 5.2.6. The simulated colonic 

fluid (SCF) was formulated as mentioned previously (Marques et al., 2011). In one set, 

approximately 6.0 log10 CFU/mL of target bacteria L. monocytogenes Scott A,                                              

E. faecalis MTCC 439 and S. aureus MTCC 96 were incubated with Ped-MNC 

(corresponding to pediocin levels of 800 AU/mL) in SGF for 2 h at 37 oC and 180 rpm. 

Viable cell numbers (log10 CFU/mL) were determined at regular intervals by serial 

dilution and plating. In a separate set, Ped-MNC (corresponding to pediocin levels of 

800 AU/mL) was incubated in SGF for 2 h at 37 oC and 180 rpm. The samples were 

then centrifuged at 8000 × g for 5 min and the supernatant was discarded. The SGF-

treated Ped-MNC was resuspended in simulated colonic fluid (SCF) containing 

approximately 6.0 log10 CFU/mL of target bacteria L. monocytogenes Scott A,                         

E. faecalis MTCC 439 and S. aureus MTCC 96 in separate sets and further incubated 

for 6 h at 37oC and 180 rpm. Viable cell numbers (log10 CFU/mL) of the treated target 

bacteria were then determined at regular intervals by serial dilution and plating. All the 

experiments were performed in triplicates and the mean and standard deviations was 
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calculated. A schematic representation of the protocol for the gastric transit experiment 

is indicated in Figure 5.3. 

 

5.2.16. In vitro cytotoxicity assay  

The cytotoxic effect of purified pediocin, Ped-MPE complex, Ped-MNC, MPE, and 

MNPs was tested on human embryonic kidney (HEK 293) cell lines and human colon 

adenocarcinoma (HT-29) cell lines by an MTT assay following the manufacturer 

instruction (Sigma-Aldrich, MO, USA). HEK 293 cells and HT-29 cells were initially 

propagated in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% 

fetal calf serum (FCS), penicillin (100 μg/mL) and streptomycin (100 μg/mL) at 37 °C 

in a humidified atmosphere of 5% CO2. The cells were subsequently seeded in 96 well 

plates (104 cells/well) and purified pediocin (10-80 µg/mL), Ped-MPE complex 

(corresponding to pediocin concentration of 10-80 µg/mL and MPE concentration of 

1.0 mg/mL), Ped-MNC (corresponding to a loaded pediocin concentration of 10-80 

µg/mL and MNP concentration of 1.0 mg/mL), MPE (1.0 mg/mL), and MNPs (1.0 

mg/mL) made in DMEM were added to the cells in separate sets and incubated for 24 

hours under 5% CO2 at 37°C. Following incubation, the media was aspirated and fresh 

DMEM containing MTT solution was added to the wells and incubated for 4 h at 37oC. 

Subsequently, the supernatant was removed and the insoluble formazan product was 

solubilized in DMSO and its absorbance was measured in a microtitre plate reader 

(Infinite M200, Tecan, Austria) at 550 nm. The absorbance obtained for solvent control 

samples (cells treated with PBS alone) was considered to represent 100% cell viability, 

whereas the absorbance for treated cells were compared to the solvent control cells to 

determine % cell viability. MTT assay was performed in six independent sets and each 

set consisted of three replicates. Data analysis and determination of standard deviation 

was performed with Microsoft Excel 2010 (Microsoft Corporation, USA).  

  

5.3. Results and Discussion 

5.3.1. Bactericidal activity of pediocin-MPE complex in SGF  

Gastrointestinal infections due to L. monocytogenes, E. faecalis and S. aureus have 

emerged as serious healthcare concern. The ability of L. monocytogenes to survive in 

extreme niches such as low pH or in high salt concentration exacerbates its 

pathogenicity (Cossart et al., 2011). E. faecalis and S. aureus are especially known to 

harbor antibiotic resistance genes, which may be implicated in prolonged infection and 
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enhanced mortality (van Harten et al., 2017; Nikaido, 2009; Rubenstein and Keynan, 

2013). A further cause of concern is that E. faecalis and S. aureus have been detected in 

healthcare settings, indicating a prospective opportunistic infection in antibiotic-treated 

or immune-compromised patients (Murray, 2000; Richards et al., 2000). In particular, 

vancomycin-resistant E. faecalis (VRE) has been observed to colonize the 

gastrointestinal (GI) tract, and cause systemic bloodstream infections                  

(Brandl et al., 2008; Ubeda et al., 2010; Maharshak et al., 2015). In this context, 

antibiotic treatment has been found to be counterproductive as they can lead to 

elimination of commensal flora, thereby enabling invasion of previously occupied 

niches by VRE (Brandl et al., 2008; Ubeda and Pamer, 2012). Likewise, S. aureus has 

been implicated in causing antibiotic-associated diarrhea (Lin et al., 2010; Boyce and 

Havill, 2005). Bacteriocins produced by LAB, which specifically target bacterial 

membrane may be a viable therapeutic option for mitigation of gastrointestinal 

infections (Drider et al., 2006; Riley, 2011; Chikindas et al. 2018). Further, unlike 

conventional antibiotics, which may possess a wider bactericidal spectrum and cause 

collateral damage (Cotter et al., 2005; Cotter et al., 2013; Cavera et al., 2015; Fouhy et 

al., 2012), LAB bacteriocins possess a narrow spectrum of activity against closely 

related gram-positive pathogens, such as L. monocytogenes, E. faecalis and                         

S. aureus and are unlikely to impact the beneficial gut microbes. The fact that 

bacteriocins from LAB may play a critical role in facilitating pathogen clearance from 

GI tract provides impetus to the idea of developing bacteriocin-based therapeutics for 

targeted elimination of gastrointestinal pathogens (O’Shea et al., 2012; Dobson et al., 

2012). However, bacteriocins, being proteinaceous in nature, are highly susceptible to 

proteolytic cleavage in the GI tract. To this end, in the present investigation, a milk 

protein extract (MPE) obtained from a decaseinated fraction of pasteurized milk was 

used to form a complex with pediocin, a bacteriocin produced by a native strain of                         

P. pentosaceus CRA51. This bacteriocin was purified and characterized in an earlier 

study (Singh et al., 2012a). The essential idea was to deploy MPE to impart protection 

of the bacteriocin against proteolytic cleavage, when subjected to the gastric milieu. 

Purified pediocin was initially incubated with MPE to generate the Ped-MPE complex 

and the antibacterial activity was tested in simulated gastric fluid (SGF). In a control 

experiment, pediocin was incubated with HSA, and the antibacterial activity was tested  
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Figure 5.4. (A) Agar well diffusion assay performed on L. monocytogenes Scott A to ascertain 

pediocin activity. 1. SGF, 2. HSA in SGF, 3. Pediocin-HSA complex in SGF, 4. Pediocin in 

SGF, 5. Pediocin-MPE complex in SGF, 6. MPE in SGF, 7. MPE in PBS.  (B) cFDA-SE 

leakage assay to ascertain pediocin activity 1. Pediocin (10 mM PBS), 2. Pediocin-HSA 

complex (10 mM PBS), 3. Pediocin-MPE complex (10 mM PBS), 4. Pediocin (SGF),                        

5. Pediocin-HSA complex (SGF), 6. Pediocin-MPE complex (SGF). (C) FESEM analysis to 

ascertain activity of pediocin-MPE complex on S. aureus MTCC 96 cells. (i) control cells 

(untreated), (ii) cells treated with pediocin, (iii) cells treated with pediocin incubated in SGF 

and (iv) cells treated with Pediocin-MPE complex (previously incubated in SGF). Arrows in 

panels (ii) and (iv) indicate damaged cells. Scale bar for the images is 2.0 µm.   

 

 in SGF. Incubation of purified pediocin in SGF led to a dramatic loss of activity as 

evidenced in the absence of a zone of inhibition against L. monocytogenes Scott A 

(Figure 5.4A, well no. 1). Pepsin is a major component of SGF (Charteris et al., 1998) 

and is thus likely to inactivate pediocin, which is a proteinaceous bacteriocin.  This fact 

is also supported by an earlier study, wherein pediocin was shown to lose its 

antibacterial activity in simulated gastric fluid (Kheadar et al., 2010). Further, pediocin-

HSA complex upon incubation in SGF failed to display a zone of inhibition, suggesting 

that the complexation with HSA could not hinder proteolytic inactivation of pediocin in  
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Table 5.1. Antibacterial activity of pediocin and pediocin-MPE complex against model 

gastrointestinal pathogen L. monocytogenes Scott A 

Antibacterial Agent Fluorescence Intensity 

(c.p.s.) # 

Pediocin Activity 

(%)* 

 

Pediocin in 10 mM PBS (pH 7.0) 

 
 

825905 

 

100 

Pediocin in SGF (pH 2.0) 18995.815 2.26 ± 0.013 

Pediocin-milk protein extract in                                            

10 mM PBS (pH 7.4) 

791216.99 95.8 ± 6.125 

Pediocin-milk protein extract                                                

in SGF (pH 2.0) 

588870.265 71.23 ± 4.83 

# The fluorescence intensity was obtained in the cFDA-SE leakage assay as described in section 5.2.7.2.  

* Pediocin activity was obtained calculated based on the fluorescence intensity obtained in the cFDA-SE leakage 

assay as described in section 5.2.7.2.  

 

SGF (Figure 5.4A, well no. 3). Interestingly, the pediocin-MPE complex on incubation 

in SGF displayed a clear zone of inhibition (Figure 5.4A, well no. 5), which strongly 

suggested that complexation of pediocin with MPE could protect pediocin against 

proteolytic cleavage in SGF. The results obtained in agar well diffusion assay was also 

validated by a cFDA-SE leakage assay, wherein the Ped-MPE complex incubated in 

SGF displayed significant retention of pediocin activity (Figure 5.4B). On 

quantification, the pediocin activity after incubation in SGF was found to be only 2.26 

± 0.013%, indicating virtually a complete loss in the antibacterial activity of pediocin 

upon incubation in SGF (Table 5.1). For instance, it was observed that complexation of 

pediocin with MPE resulted in the manifestation of 71.23% of pediocin activity, 

indicating significant retention of pediocin in Ped-MPE after gastric fluid challenge 

(Table 5.1). Retention of the antibacterial activity of pediocin-MPE complex was also 

captured in FESEM analysis, wherein considerable morphological perturbation of S. 

aureus MTCC 96 cells could be observed upon treatment with pediocin (in 10mM 

PBS) or Ped-MPE complex incubated in SGF, in contrast to the control cells as well as 

cells treated with pediocin incubated in SGF (Figure 5.4C, panels i-iv).     
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Figure 5.5. (A-C) Dynamic light scattering (DLS) based particle size analysis of MPE, SGF 

and MPE-SGF complex. The particle size and percentage of aggregated species of each sample                          

(in parentheses) corresponding to peaks 1-3 are indicated below the plot. (D) Isothermal 

calorimetry (ITC) of MPE-SGF binding. (E) ITC of MPE-solvent interaction. (F) Circular 

dichroism (CD) spectra of MPE, SGF and MPE-SGF complex. (G) CD spectra of Ped, SGF 

and Ped-SGF complex. (H-I) Kinetics of pepsin-mediated digestion of pediocin in presence of 

MPE.  

 

5.3.2. Interaction of MPE with SGF 

Based on the encouraging results obtained from the antibacterial assays, which 

indicated that presence of MPE led to retention of pediocin activity in SGF (Figure  
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Table 5.2. Secondary structure analysis of pepsin in SGF, MPE, pediocin, MPE in SGF and 

pediocin in SGF.  

Species α-helix (%) β-sheet (%) Turns (%) 
 

Random (%) 
 

Pepsin (present in SGF) 2.4 74 0 23.5 
MPE 0 22.1 16.8 61.2 

Pediocin 0 47.3 24.7 28 
MPE in SGF 15.7 45.8 11.2 27.2 

Pediocin in SGF 1.3 73.6 0 25.1 
 
5.4), it was considered pertinent to probe the mechanism behind the protective role of 

MPE. To this end, initial experiments using dynamic light scattering (DLS) were 

pursued to probe the complexation of MPE and SGF. It was found that in case of MPE, 

the principal aggregating species displayed a size of around 10 nm, whereas in case of 

SGF, the major aggregating species displayed a size of around 13 nm (Figure 5.5A-

5.5B). On incubation of MPE in SGF, the principal species in solution (peak 2) was 

found to have a size of 220 nm, which suggested probable interaction between SGF and 

MPE (Figure 5.5C). In SGF, pepsin constitutes the proteinaceous component (Charteris 

et al., 1998). Hence, it is plausible that pepsin present in SGF is likely to interact with 

MPE, leading to the formation of an aggregate. The interaction between SGF and MPE 

was further probed through isothermal calorimetry (ITC) wherein it was observed that 

at each injection, the binding was exothermic and the heat change gradually decreased 

to the basal dilution level (Figure 5.5D). The ITC pattern obtained for the control 

sample (titration of MPE against 0.5% saline, pH 2.0 without pepsin) indicated a lack 

of interaction between MPE and the solvent (Figure 5.5E). Further, the fitting of the 

isothermogram in a 1:1 stoichiometry yielded a hyperbolic curve (Figure 5.5D), 

indicating efficient binding between SGF and MPE, analogous to the strong binding 

reported previously for protein-ligand interactions (Sikora et al., 2005; Zhou et al., 

2011). Subsequently, it was considered pertinent to probe the changes occurring in the 

secondary structure of pepsin, in SGF in presence of MPE. To this end, circular 

dichroism (CD) spectroscopy was pursued with SGF in presence of MPE. CD 

spectroscopy of SGF alone indicated a prominent ellipticity at 218 nm, indicating a 

high β-sheet content (Figure 5.5F and Table 5.2), which can perhaps be attributed to the 

presence of pepsin in SGF, as the enzyme is known to possess β-sheet rich region 

(Dunn, 2001, Ghosh et al., 2015). Further, MPE was observed to display CD spectra 
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with a notable ellipticity at 220 nm, indicating the presence of a high α- helix content 

(Figure 5.5F). Interestingly, MPE-SGF complex displayed enhanced ellipticity and a 

reduced amount of β-sheet content (Figure 5.5F and Table 5.2). On analysis of the CD 

spectra of SGF in presence of MPE, it was found that the β-sheet content decreased 

considerably from 74% to 45.8% (Table 5.2). Further, there was also a concomitant 

increase in the amount of α-helix (2.4% to 15.7%) and turns (0 to 11.2%) measured for 

SGF in presence of MPE (Table 5.2). The significant decrease in the β-sheet content 

observed in case of MPE-SGF complex suggested the possibility of alterations in the 

secondary structure of pepsin present in SGF.  

It may be mentioned here that CD spectroscopy of pediocin in SGF was also 

pursued, wherein the essential CD spectra observed earlier for SGF alone was 

conserved (Figure 5.5G and Table 5.2), which suggested that during the proteolytic 

digestion of pediocin in SGF, the secondary structure of pepsin present in SGF was 

essentially retained. Based on CD spectroscopy which indicated the possible 

perturbation of the secondary structure of pepsin (present in SGF) by MPE, it was 

pertinent to probe whether MPE could possibly inhibit the activity of pepsin present in 

SGF and thereby prevent proteolytic inactivation of pediocin in SGF. To this end, 

pepsin enzyme activity was ascertained in presence of MPE, using pediocin as a 

substrate. In the absence of MPE, pepsin present in SGF displayed significant activity 

against pediocin (Fig. 5.5H). Analysis of the kinetic parameters of pepsin activity on 

pediocin indicated that the Km and Vmax were 1.256 ± 0.037 µg/mL and 70.19 ± 7.3 

[µg/mL]/min, respectively. However, presence of MPE, led to a significant increase in 

Km (from 70.19 ± 7.3 µg/mL to 254.2 ± 19.5 µg/mL) with a minimal change in Vmax 

(from 1.256 ± 0.037 [µg/mL]/min to 1.312 ± 0.15 [µg/mL]/min (Figure 5.5I). Based on 

the changes of the enzyme kinetics parameters, it can perhaps be construed that MPE 

may be functioning as competitive inhibitor of pepsin present in SGF, which 

presumably accounts for the retention of pediocin activity in SGF in presence of MPE.    

 

5.3.3. Pediocin-loaded milk protein nanoparticle 

Based on the favorable attributes of MPE with regard to its ability to retain pediocin 

activity in SGF, it was envisaged that MPE can perhaps be leveraged to develop a milk 

protein nanoparticle (MNP) that can facilitate encapsulation, retention of pediocin 

activity in the gastric milieu and delivery of the bacteriocin for alleviation of 

gastrointestinal pathogens. To this end, milk protein nanoparticle (MNP) was generated  
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Figure 5.6. FESEM analysis of (A) MNP and (B) Ped-MNC. Scale bar for the images 

correspond to 200 nm. DLS-based particle size estimation of (C) MNP and (D) Ped-MNC. 

DSC and TGA of (E) MNP and (F) Ped-MNC.  

 

from MPE using a standard desolvation technique (Langer et al., 2003). The 

nanoparticles obtained after desolvation were essentially spherical in shape, with an 

average size of ~69.8 nm (Figure 5.6A). Following loading of pediocin onto MNPs, the 

pediocin-loaded milk protein nanocomposite (Ped-MNC) generated thereof were found 

to aggregate considerably, with a size of 97.6 nm (Figure 5.6B). DLS analysis indicated 

that the size of MNP was found to be nearly 295 nm (Figure 5.6C), whereas Ped-MNC 
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appeared to be highly aggregated in solution with a size of nearly 396 nm (Figure 

5.6D). To assess the thermal stability of MNPs and Ped-MNC, thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) were performed. TGA 

revealed that the generated nanomaterials (MNP and Ped-MNC) were fairly stable up 

to ~100 °C with a three-step thermal decomposition (Figure 5.6E-5.6F). The loss of 

mass following increase in the temperature may be attributed to the proteinaceous 

nature of the developed nanomaterials (Figure 5.6E-5.6F). During the process of 

preparing MNP, glutaraldehyde was added as a cross-linking agent. It may be 

mentioned herein that glutaraldehyde may have toxic implications (Zeiger et al., 2005; 

Takigawa and Endo, 2006). However, in the present study, glutaraldehyde was used at 

a final concentration of 0.08% (equivalent to 8.0 µM), which is lower than the 

concentration reported to be toxic to cultured human cells (Sun et al., 1990; Vock et al., 

1999). Hence, it is anticipated that the prepared nanocomposite (Ped-MNC) is less 

likely to impart toxicological effects on human cells. However, in future, it would 

perhaps be worthwhile to explore the potential of food-grade crosslinkers such as 

glyceraldehyde, genipin and trans glutaminase (Caillard et al., 2008; Manickam et al., 

2014; Tang et al., 2006) in lieu of glutaraldehyde for preparation of MNPs suitable for 

therapeutic application.   

 

 

Figure 5.7. (A) Loading capacity (LC) and encapsulation efficiency (EE) of pediocin in MNP.                 

(B) In vitro release kinetics of pediocin from Ped-MNC incubated in 10 mM HEPES buffer                    

(pH 7.4), 10 mM citrate buffer (pH 3.0) and simulated colonic fluid (pH 8.0). 
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Figure 5.8. Time kill curve for target pathogens treated with pediocin-MPE complex and                           

Ped-MNC in 10 mM phosphate buffer (pH 7.4). (A) L. monocytogenes Scott A, (B) E. faecalis 

MTCC 439 and (C) S. aureus MTCC 96.  

 

The loading capacity (LC) and encapsulation efficiency (EE) of MNP was found to be 

31 ± 4.2 % and 79.2 ± 6.9 % respectively (Figure 5.7A). The in vitro release kinetics of 

pediocin was studied with Ped-MNC loaded with a high concentration of pediocin (800 

AU/mL). In HEPES buffer (pH 7.4) as well as in simulated colonic fluid (pH 8.0), a 

slow release of the bacteriocin from Ped-MNC was observed and the magnitude of the 

release from Ped-MNC in HEPES buffer and simulated colonic fluid was around 40% 

and 28%, respectively, following 24 h of incubation (Figure 5.7B). In acidic pH (pH 

3.0), release of pediocin from Ped-MNC was rapid, as compared to the profile observed 

in HEPES buffer and simulated colonic fluid (Figure 5.7B). On performing a time-

dependent assay in PBS (pH 7.4), it was found that both Ped-MPE and Ped-MNC could 

reduce the number of viable target cells of L. monocytogenes Scott A, E. faecalis 

MTCC 439 and S. aureus MTCC 96, with a comparatively slower killing kinetics as 

compared to pediocin alone (Figure 5.8). This phenomenon was anticipated as the 

killing efficiency of Ped-MPE and Ped-MNC would essentially depend on the 

dissociation of the bacteriocin from Ped-MPE complex or its release from Ped-MNC. 

 

5.3.4. Bactericidal activity of pediocin-loaded milk protein nanocomposite (Ped-MNC) 

In this study, HSA nanoparticle (HNP) was prepared and subsequently pediocin was 

loaded onto HNP to generate pediocin-loaded HSA nanoparticle (Ped-HNC). 

Subsequently, the activity of pediocin encapsulated in HNPs vis-à-vis MNPs was  
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Figure 5.9. (A) Agar well diffusion assay performed on L. monocytogenes Scott A to ascertain 

pediocin activity. 1. SGF, 2. HNP in SGF, 3. Ped-HNC in SGF, 4. Pediocin in SGF,                        

5. Ped-MNC in SGF, 6. MNP in SGF, 7. MNP in PBS. (B) cFDA-SE-based pediocin activity 

assay. 1. Pediocin (in 10 mM PBS), 2. Ped-HNC (in 10 mM PBS), 3. Ped-MNC (in 10 mM 

PBS), 4. Pediocin (in SGF), 5. Ped-HNC (in SGF), 6. Ped-MNC (in SGF). (C) DiSC35-based 

membrane potential assay to ascertain activity of Ped-MPE and Ped-MNC against                    

L. monocytogenes Scott A. Valinomycin (30 µM) was used as a positive control. (D) FESEM 

analysis of S. aureus MTCC 96 treated with (i) MNP and (ii) Ped-MNC (previously incubated 

in SGF). Arrow in panel (ii) indicates damaged cell. Scale bar for the images corresponds to 1.0 

µm.   

 

compared following incubation in SGF. Encouragingly, the pediocin loaded milk 

protein nanocomposite (Ped-MNC) retained its bactericidal activity upon incubation in 

SGF as evident in the prominent zone of inhibition obtained in the agar well diffusion 

assay (Figure 5.9A, well no. 5), whilst HNP, Ped-HNC and pediocin failed to reveal 

any antibacterial activity upon incubation in SGF (Figure 5.9A, well nos. 2-4). Thus, 
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the ability of the milk protein extract (MPE) to protect pediocin from proteolytic 

inactivation in SGF could be leveraged as the milk protein nanoparticle derived from 

MPE could also demonstrate a similar attribute and retain the activity of the 

encapsulated pediocin in SGF. A cFDA-SE leakage assay also confirmed that the Ped-

MNC incubated in SGF could demonstrate retention of pediocin activity against the 

pathogen L. monocytogenes Scott A (Figure 5.9B). The loss of antibacterial activity of 

Ped-HNC and pediocin in SGF was also captured in the cFDA-SE leakage assay 

(Figure 5.9B). In case of pediocin-loaded milk protein nanocomposite (Ped-MNC), it 

was interesting to observe that pediocin activity was conserved in SGF and upon 

quantitation by cFDA leakage assay, pediocin activity in Ped-MNC incubated in SGF 

amounted to 63.81 ± 4.12%, which clearly indicated considerable retention of pediocin 

activity in gastric fluid, in contrast to the complete loss of activity in case of pediocin  

incubated in SGF (Table 5.1). A membrane potential assay using DiSC35 indicated that 

both Ped-MPE as well as Ped-MNC incubated in SGF could dissipate the 

transmembrane potential in target cells of L. monocytogenes Scott A (Figure 5.9C). 

Thus, the archetypal membrane depolarization activity associated with pediocin was 

largely retained in Ped-MPE and Ped-MNC even after incubation in SGF. However, 

pediocin incubated in SGF failed to render any change in the transmembrane potential 

of the target cells, corroborating the previous observed result wherein proteolytic 

degradation of pediocin leads to a loss in its antibacterial activity. The retention of the 

bactericidal activity of Ped-MNC incubated in SGF was also evidenced in FESEM 

analysis, wherein considerable target cell damage and morphological perturbation of 

the target cells of S. aureus MTCC 96 cells was manifested (Figure 5.9D, panel ii).  

 

5.3.5. Interaction between MNP and SGF  

The interaction between MNP and SGF was further probed through ITC. The primary 

observation was that at each injection, the binding was exothermic in nature and the 

heat change was found to gradually decrease to the basal dilution level (Figure 5.10A). 

The ITC pattern obtained for the control sample wherein MNP was added to 0.5% 

saline, pH 2.0 without pepsin indicated that there was a lack of binding between MNP 

and the solvent (Figure 5.10B). In case of the interaction between MNP and SGF, 

fitting of the isothermogram in a 1:1 stoichiometry yielded a hyperbolic curve (Figure 

5.10A), which presumably indicates a strong binding between SGF and MNP. On 

subsequent CD analysis, the binding between MNP and pepsin present in SGF led to a  
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Figure 5.10. (A-B) ITC of MNP-SGF binding and MNP-solvent interaction. (C) CD spectra of 

SGF and MNP-SGF complex. (D-E) Kinetics of pepsin-mediated digestion of pediocin in                   

Ped-MNC.  

 

heightened ellipticity of the MNP-SGF complex as compared to SGF alone (Figure 

5.10C). Further, it was found that the β-sheet content of SGF alone (74%) attributed to 

the presence of pepsin was reduced (57.2%) upon interaction of MNP and SGF (Table 

5.2). Given that MNP could induce perturbation of the secondary structure of pepsin 

present in SGF, it was relevant to probe whether MNP could also inhibit the activity of 

pepsin present in SGF and thereby prevent proteolytic inactivation of pediocin in SGF. 

To this end, pepsin enzyme activity was ascertained in presence of MNP, using 

pediocin as a substrate. Interestingly, presence of MNP, led to an increase in Km (from 

70.19 ± 7.3 µg/mL to 121.9 ± 8.23 µg/mL) with a miniscule change in Vmax (from 1.256 

± 0.037 [µg/mL]/min to 1.29 ± 0.2 [µg/mL]/min (Figure 5.10C-D). Based on the 

changes of the enzyme kinetics parameters, it can perhaps be interpreted that MNP may  

TH-2159_126106018



Results and Discussion Chapter 5 
 

137 
 

 

Figure 5.11. Loss of cell viability of model gastrointestinal pathogens upon treatment with 

Ped-MNC and Ped-MPE in a simulated gastric transit experiment. (A) L. monocytogenes Scott 

A, (B) E. faecalis MTCC 439 and (C) S. aureus MTCC 96.  

 

be functioning as a competitive inhibitor of pepsin present in SGF, akin to MPE and 

presumably account for the retention of pediocin activity in Ped-MNC.    

 

5.3.6. Bactericidal activity of pediocin-loaded milk protein nanocomposite (Ped-MNC) 

in a simulated gastric transit experiment 

Subsequently, it was envisaged that it would be pertinent to probe the antibacterial 

efficacy of the developed Ped-MNC in fluids mimicking the environment during gastric 

transit. To this end, Ped-MNC was initially incubated in SGF (pH 2.0) and then 

transferred to SCF (pH 8.0). In the gastric transit experiment, only a nominal reduction 

in the number of viable cells from an initial 6.2 ± 0.29 log10 CFU/mL to 5.57 ± 0.37 

log10 CFU/mL was evidenced, which amounted to only 11% decrease in cell viability 

(Figure 5.11A). Presumably the proteolytic digestion by pepsin in SGF leads to 

deactivation of pediocin in both SGF as well as in SCF. In case of Ped-MNC, there was 

a reduction in the cell number of L. monocytogenes Scott A in SGF by 1.2 log10 

CFU/mL, indicating that retention of pediocin activity in Ped-MNC leads to loss of the 

target cell viability in SGF (Figure 5.11A). Further, incubation of Ped-MNC in SCF 

was found to reduce the viability of L. monocytogenes Scott A considerably and there 

was a reduction in the cell number of the target pathogen during gastric transit from an 

initial 6.2 ± 0.29 log10 CFU/mL to 3.17 ± 0.244 which amounted to 48.87% decrease in  
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Figure 5.12. MTT assay to ascertain the in vitro cytotoxicity of Ped-MNC, MPE and MNP on (A) HT-

29 and (B) HEK 293 cell lines, respectively. MTT assay was performed in six independent sets and each 

set consisted of three replicates. 

 

bacterial viability (Figure 5.11A). These interesting observations indicated that the 

developed Ped-MNC was robust when subjected to the gastric transit experiments and 

was able to significantly retain the activity of the payload (pediocin) in a simulated 

gastrointestinal milieu. A similar loss in viability of target bacteria E. faecalis MTCC 

439 and S. aureus MTCC 96 was also observed on incubation with Ped-MNC (Figure 

5.11B-5.11C). For instance, upon treatment of E. faecalis MTCC 439 with Ped-MNC, 

the viable cell number reduced from 6.13 ± 0.19 log10 CFU/mL to 3.85 ± 0.6, which 

amounted to 37.19% decrease in bacterial viability (Figure 5.11B). In case of S. aureus 

MTCC 96, treatment with Ped-MNC in a simulated gastric transit experiment led to a 

decrease in the viable cell numbers from 6.1 ± 0.15 to 3.5 ± 0.2, with the decrease in 

viability being 42.63% (Figure 5.11C). Importantly, in an in vitro cytotoxicity assay 

conducted with HT-29 cells (colon adenocarcinoma cell line) and HEK 293 cells 

(human embryonic kidney cells), Ped-MNC was found to be non-toxic (Figure 5.12A-

5.12B), indicating the biocompatibility and therapeutic potential of the developed 

proteinaceous nanocomposite for elimination of gastro-intestinal pathogens.   
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5.4. Significant Findings  

The salient findings of this chapter are as follows: 

1. LAB bacteriocins are promising antibacterials owing to their selective 

antibacterial activity towards gastrointestinal pathogens such as                                  

L. monocytogenes, E. faecalis and S. aureus. However, their therapeutic 

potential is limited due to their proteolytic inactivation by enzymes during 

gastric transit. The present investigation addresses this concern by deploying 

milk protein extract (MPE) and validating its potential in retention of 

antibacterial activity of pediocin in simulated gastric fluid (SGF).  

2. Mechanistic studies revealed that MPE demonstrated a strong proclivity to 

interact with pepsin present in SGF and could render a competitive inhibition of 

the pepsin activity against pediocin.  

3. The ability of MPE to hinder proteolytic cleavage of pediocin could be 

leveraged to develop milk protein nanoparticles (MNP) for the efficient delivery  

of pediocin in the gastric environment. Interestingly, pediocin-loaded milk 

protein nanocomposite (Ped-MNC) demonstrated retention of activity in SGF as 

well as in a simulated gastric transit experiment against the model 

gastrointestinal pathogens L. monocytogenes, E. faecalis and S. aureus.  

 

4. In vitro cytotoxicity assays revealed that the developed nanocomposite was                      

non-toxic to model human cell lines at the tested concentrations. 

In recent times when the application of current therapeutic antibiotics is plagued 

with the associated cost of collateral damage to the gut microflora, the present study 

demonstrates the generation of a non-toxic LAB bacteriocin-loaded nanomaterial 

that can serve as a potent antibacterial agent for selective elimination of 

gastrointestinal pathogen. In this context, it would be pertinent to probe the 

possibility of deploying the antibacterial payload in conjunction with LAB with 

strong anti-adhesion capabilities to achieve significant abrogation of 

gastrointestinal pathogens on host cells. In line with this rational, the next chapter 

investigates the potential of pediocin-loaded milk protein nanocomposite in 

conjunction with native LAB to mitigate adhesion of model gastrointestinal 

pathogens in an in vitro extracellular matrix (ECM) and cell culture model.  
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Combinatorial Effect of Bacteriocin-loaded 

Nanocomposite and Native LAB against 

Gastrointestinal Pathogenic Bacteria 

 

This chapter illustrates the superior potency of the combinatorial effect of the native 

LAB strain and pediocin-loaded milk protein nanocomposite (Ped-MNC) in mitigation 

of gastrointestinal pathogen adhering onto ECM or HT-29 cells. 
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ABSTRACT 

The increasing prevalence of gastrointestinal infections caused by pathogenic bacteria 

in conjunction with the loss of beneficial microbes due to the application of 

conventional therapeutic antibiotics has underscored the need for an alternate 

therapeutic approach. To this end, a combinatorial regimen of pediocin-loaded milk 

protein nanocomposite (Ped-MNC) and L. plantarum DF9 was explored in mitigating 

model gastrointestinal pathogens adhering onto extracellular matrix (ECM) or HT-29 

cells in a cell culture model. A cFDA-SE based dye leakage assay indicated that Ped-

MNC prior exposed to simulated gastric fluid (SGF) could demonstrate antibacterial 

activity on ECM-adhered pathogen, as manifested in 19.8% ± 3.07 leakage of the dye 

from that target E. faecalis cells adhering onto collagen-coated wells. Further, 

combinatorial deployment of Ped-MNC and L. plantarum DF9 led to 58.7% decrease 

in the number of pathogen adhering onto ECM as opposed to 38.2% decrease and 5.3% 

decrease in the number of ECM-adhered pathogen upon treatment with Ped-MNC or  

L. plantarum DF9, respectively. The superior activity of Ped-MNC and L. plantarum 

DF9 could be attributed to an increase in the dissociation constant (kd) of E. faecalis 

cells adhering onto collagen from 15.8 log10 CFU per well to 29.5 log10 CFU per well 

and a decrease in maximum number of adhered bacterial cells (em) of E. faecalis cells 

on collagen from 9.29 log10 CFU per well to 5.1 log10 CFU per well. Combinatorial 

deployment of Ped-MNC and L. plantarum DF9 resulted in a substantially lower levels 

of E. faecalis MTCC 439 cells adhering onto HT-29 cells (25%) as compared to that 

observed when L. plantarum DF9 was used alone (61.1%). Estimation of the adhesion 

process parameters of E. faecalis MTCC 439 indicated that combination of                  

Ped-MNC and L. plantarum DF9 led to an increase in kd from 0.48 × 10-6 log10 

CFU/mL to 8.3 × 10-6 log10 CFU/mL and a decline in em from 2.89 log10 CFU/mL per 

10,000 HT-29 cells to 1.8 log10 CFU/mL per 10,000 HT-29 cells. This effect was also 

corroborated by a principal component analysis which indicated that the combinations 

of Ped-MNC or pediocin with either L. plantarum DF9 or the standard probiotic                         

L. rhamnosus GG imparted a marked change in kd and em of the adhesion of pathogen.  
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6.1. Introduction 

Gastrointestinal infections due to pathogenic bacteria has been implicated in a 

rise in morbidity and mortality (Gibson and Barrett, 2010; Rodriguez et al., 2011; 

Humphries et al., 2015; Kirk et al., 2015). In particular, gastrointestinal pathogens such 

as Listeria monocytogenes, Enterococcus faecalis and Staphylococcus aureus have 

been reported to be responsible for chronic intestinal infections (Cossart, 2011; Allen et 

al., 2016; Barbuddhe and Chakraborty, 2009; Steck et al., 2011; Shogan et al., 2015; 

Kernbauer et al., 2015). Further, the prevalence of antibiotic resistance genes in                     

E. faecalis and their possible dissemination to other pathogens present in the gut 

(Werner et al., 2012) is a cause of concern. Additionally, mitigation of pathogenic 

bacteria by conventional antibiotic has led to an extensive eradication of the beneficial 

microbes and consequent proliferation and invasion of gastric niche by opportunistic 

pathogenic bacteria (Ferrer et al., 2014; Lin et al., 2010; Schulfer and Blaser, 2015). 

Amongst the gut-colonizing pathogens, reports suggest that gastrointestinal infection 

by E. faecalis cells is associated with inflammation, ROS production and DNA damage 

to host cells (Strickertsson et al., 2013). Further, gastric carriage of E. faecalis has been 

reported to cause bloodstream infections and mortality in healthcare settings 

(Maharshak et al., 2015; Murray et al., 2000). In the context of gastric colonization by 

E. faecalis, adhesion to extracellular matrix (ECM) and host intestinal cells is a critical 

step in its pathogenesis (Nallapareddy et al., 2000; Gao et al., 2013; Singh et al., 

2012b). Emerging literature reports have also elucidated the detrimental implications of 

colonization by S. aureus (Richards et al., 2000; Acton et al., 2009; Boyce and Havill, 

2005; Yan et al., 2014). S. aureus is known to be equipped with adhesins known as 

microbial surface component recognizing adhesive matrix molecules (MSCRAMMs) 

for binding to ECM molecule such as collagen (Foster et al., 2014; Singh et al., 2012b). 

On the other hand, reports also suggest that binding to mucin is critical for S. aureus 

pathogenesis and persistence in intestine (Gries et al., 2005; Vesterlund et al., 2006).  

To mitigate the gastrointestinal infections caused by pathogenic bacteria, 

therapeutic interventions that demonstrate selective antibacterial activity towards 

gastrointestinal pathogens is needed. Bacteriocins, secreted by LAB, are ribosomally 

synthesized antimicrobial peptides (AMPs), displaying antibacterial activity against 

gastrointestinal pathogens such as L. monocytogenes Scott A, E. faecalis, S. aureus and 

Clostridium difficile (Drider et al., 2006; Dobson et al., 2012; Cotter et al., 2013; 

Chikindas et al., 2018). Encouragingly, LAB bacteriocins possess a narrow spectrum of 

TH-2159_126106018



Introduction  Chapter 6 

145 
 

antibacterial activity (Drider et al., 2006; Cotter et al., 2013; Cavera et al., 2015;                     

Umu et al., 2016) and are thus anticipated to have minimal effect on the beneficial 

microbes. However, application of LAB bacteriocin in the gastric niche demands 

retention of its activity during gastric transit, targeted delivery and sustained release 

kinetics in the vicinity of the pathogen. A way to overcome this issue, might be the 

encapsulation of LAB bacteriocin in a robust nanocarrier for protection in the presence 

of gastric enzymes and sustained release. In the previous chapter, this tenet has been 

demonstrated wherein the encapsulation of the LAB bacteriocin pediocin in a milk 

protein nanocomposite (Ped-MNC) resulted in significant retention of pediocin activity 

in a gastric transit experiment leading to mitigation of model intestinal pathogens.      

Another interesting aspect of LAB is their propensity to adhere onto ECM 

molecules and host intestinal cells. Further, LAB can substantially influence the 

activity and composition of human intestinal microbiota (Priedis et al., 2011; 

Shanahan, 2010; Patel and DuPont, 2015; Guandalini, 2011; Stecher et al., 2010; 

O’Shea et al., 2012).  Thus, food isolates of LAB having probiotic virtues offer an 

exciting prospect of developing a safe LAB-based anti-bacterial regime, given their 

inherent propensity to survive in the harsh gastrointestinal niche and their ability to 

adhere onto ECM and host intestinal cells and thereby prevent pathogen adhesion. The 

LAB strain itself can be explored as an anti-adhesion agent, while the bacteriocin 

produced by the strain may serve as a safe therapeutic antibacterial. Based on this 

premise, this chapter describes the combinatorial application of pediocin-loaded milk 

protein nanocomposite and L. plantarum DF9 for the abrogation of gastrointestinal 

pathogens, L. monocytogenes, E. faecalis and S. aureus adhering onto ECM and HT-29 

cell culture model.  
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 6.2. Materials and Methods 

6.2.1. Growth media and chemicals 

Glutaraldehyde, 5 (and 6)-carboxyfluorescein diacetate succinimidyl ester (cFDA-SE), 

5-carboxy-tetramethylrhodamine N-succinimidyl ester (TAMRA-SE), 2-(4-

amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI), Triton X-100, pepsin, 

Dulbecco’s modified Eagle’s medium (DMEM) and penicillin-streptomycin were 

obtained from Sigma-Aldrich Chemicals, USA. Methanol was purchased from Merck, 

Mumbai, India. Brain-Heart Infusion (BHI) broth and deMan, Rogosa and Sharpe 

(MRS) broth were purchased from Himedia, Mumbai, India. Fetal bovine serum (FBS) 

was procured from Gibco, India.  

 

6.2.2. Bacterial strain and growth conditions  

The target pathogens used in the present investigation comprised of                                               

Listeria monocytogenes Scott A (L. monocytogenes Scott A), Enterococcus faecalis 

MTCC 439 (E. faecalis MTCC 439), Staphylococcus aureus MTCC 96                        

(S. aureus MTCC 96) and Staphylococcus aureus MTCC 740 (S. aureus MTCC 740). 

Prior to experiments, the bacterial strains were propagated in BHI broth at 37 °C and 

180 rpm for 12 h. The standard LAB L. rhamnosus GG and the bacteriocinogenic 

native LAB  L. plantarum DF9 were grown as per the conditions described previously 

in section 2.2.2. in Chapter 2. For production of pediocin, Pediococcus pentosaceus 

CRA51 was propagated in MRS broth at 37 °C in static condition for 18 h. 

 

6.2.3. HT-29 cell culture 

HT-29 cells were grown and maintained as previously described in Section 2.2.6. in 

Chapter 2.  Prior to adhesion experiments, the HT-29 monolayer was washed twice 

with sterile phosphate buffered saline (PBS), trypsinized and transferred to a 24-well 

multi-dish plate (1 × 104 cells per well) having fresh DMEM medium and incubated at 

37 °C in 5% CO2. Subsequently, the monolayer of HT-29 cells was propagated for 7 

days, with a change of medium every 2 days and used at late post-confluence stage for 

the adhesion assays.    

 

6.2.4. Antibacterial activity of Ped-MNC on ECM-adhered pathogens 

Purification of pediocin and generation of Ped-MNC was accomplished by following 

the methods described earlier in section 5.2.3. and section 5.2.9. respectively, in 
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Chapter 5. In separate sets, solution of either purified pediocin (800 AU/mL) or Ped-

MNC (2.0 mg/mL MNP loaded with 800 AU/mL pediocin, pH adjusted to 2.0) were 

added to SGF and incubated for 2 h. Likewise, in separate sets, solution of either 

purified pediocin (800 AU/mL) or Ped-MNC (2.0 mg/mL MNP loaded with 800 

AU/mL pediocin, pH adjusted to 7.4) were added to 10 mM phosphate buffer (pH 7.4) 

and incubated for 2 h. Following incubation, pediocin activity in all the samples was 

ascertained against ECM-adhered E. faecalis MTCC 439, L. monocytogenes Scott A 

and S. aureus MTCC 96 cells in separate sets. For the adhesion of the target pathogens 

onto ECM, cells of E. faecalis MTCC 439, L. monocytogenes Scott A and S. aureus 

MTCC 96 were labelled with cFDA-SE following the protocol described previously 

(Singh et al., 2012a) and fluorescence intensity was measured (FT) using a multiplate 

reader (Infinite M200, Tecan, Switzerland). Subsequently, the cells were allowed to 

adhere onto collagen- or mucin-coated wells for 2 h followed by aspiration of non-

adhered cells and washing to remove sparsely adhered cells. To each well, either 

purified pediocin (800 AU/mL pediocin pretreated with SGF or preincubated in 10 mM 

phosphate buffer) or Ped-MNC (loaded with 800 AU/mL pediocin and pretreated with 

SGF or preincubated in 10 mM phosphate buffer) was added followed by an incubation 

period of 2 h. Subsequently the supernatant was gently aspirated, centrifuged to remove 

any cells and the fluorescence intensity of the collected supernatant (FS) was measured 

using a multiplate reader (Infinite M200, Tecan, Austria). The results were expressed as 

percentage leakage by comparing FS to FT in the experiments involving the test 

samples. Each experiment was performed in triplicate and the result was represented as 

mean ± standard deviation. The adhered cFDA-SE labelled pathogen following 

treatment with the test samples were also observed under fluorescence microscope 

(Eclipse Ti-U, Nikon, USA) with a filter that allowed blue light excitation for cFDA-

SE. 

 

6.2.5. Effect of Ped-MNC and LAB on ECM-adhered pathogens 

The model pathogens E. faecalis MTCC 439, L. monocytogenes Scott A and                                                  

S. aureus MTCC 96 were grown overnight, harvested by centrifugation, washed and 

resuspended in sterile PBS to OD600 of 1.0. Fluorescence labelling of the target 

pathogens with cFDA-SE was accomplished as described previously (Singh et al., 

2012a). The solution fluorescence of a 100 µL aliquot of the cFDA-SE-labelled 

pathogens was measured in a multiplate reader (Infinite M200, Tecan, Austria) and 
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considered as total fluorescence (FT). Subsequently, 100 µL aliquot of cFDA-SE-

labelled cells of the model pathogens was added to collagen or mucin-coated wells in 

separate sets and incubated for 2 h. Following incubation, non-adhered cells were 

aspirated and their fluorescence intensity was measured (FNA). A quantitative measure 

of pathogen adhesion (FA) to collagen and mucin was calculated from the following 

expression:   

 

  

Subsequently, to each well the following test samples were added: L. plantarum DF9                 

(7.0 log10 CFU added in 100 µL sterile PBS per well), L. rhamnosus GG (7.0 log10 

CFU added in 100 µL sterile PBS per well), Ped-MNC (loaded with 800 AU/mL 

pediocin and added in 100 µL sterile PBS per well) or a combination of L. plantarum 

DF9 (7.0 log10 CFU added in 50 µL sterile PBS per well) and Ped-MNC (loaded with 

800 AU/mL pediocin and added in 50 µL sterile PBS per well) or a combination of                 

L. rhamnosus GG (7.0 log10 CFU added in 50 µL sterile PBS per well) and Ped-MNC 

(loaded with 800 AU/mL pediocin and added in 50 µL sterile PBS per well). The 

addition of test samples to ECM-adhered pathogen was followed by an incubation 

period of 2 h. Following incubation, the supernatant, which essentially consisted of 

non-adhered pathogen was gently aspirated, centrifuged and the fluorescence intensity 

of the collected supernatant (FS) for each test sample was measured using a multiplate 

reader (Infinite M200, Tecan, Austria). The decrease in ECM-adhered pathogen (%) 

was estimated from the following expression:  

 

where FA represents a quantitative measure of pathogen adhesion and FS represents the 

quantitative measure of non-adhered cells of cFDA-labelled pathogens. All the 

experiments were performed in triplicates and the mean and standard deviation was 

calculated.  

 

6.2.6. Determination of adhesion process parameters on ECM 

E. faecalis MTCC 439 and S. aureus MTCC 96 were grown overnight, harvested and 

labelled with cFDA-SE as described earlier in section 3.2.5. in Chapter 3. The solution 

fluorescence of a 100 µl aliquot of the cFDA-SE-labelled LAB strains of varying cell 
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number (2.0–8.0 log10 CFU per well) was measured in a multiplate reader (Infinite 

M200, Tecan, Austria) and considered as total fluorescence (FT). Subsequently, the 

cFDA-SE labelled bacterial cells (cell number ranging from 2.0–8.0 log10 CFU per 

well) were allowed to adhere onto ECM-coated wells for 2 h. Following the incubation, 

to separate wells the following test samples were also added: L. plantarum DF9 (7.0 

log10 CFU added in 100 µL sterile PBS per well), L. rhamnosus GG (7.0 log10 CFU 

added in 100 µL sterile PBS per well), Ped-MNC (loaded with 800 AU/mL pediocin 

and added in 100 µL sterile PBS per well) or a combination of L. plantarum DF9 (7.0 

log10 CFU added in 50 µL sterile PBS per well) and Ped-MNC (loaded with 800 

AU/mL pediocin and added in 50 µL sterile PBS per well) or a combination of                     

L. rhamnosus GG (7.0 log10 CFU added in 50 µL sterile PBS per well) and Ped-MNC 

(loaded with 800 AU/mL pediocin and added in 50 µL sterile PBS per well). Following 

2 h of incubation, the dose-dependent adhesion onto collagen- or mucin-coated wells 

was quantified using the method described earlier in section 3.2.4. in Chapter 3. The 

maximum number of adhered bacteria (em) and the dissociation constant (kd) for the 

adhesion process were ascertained by the method described earlier in section 3.2.4. in 

Chapter 3. All the experiments were performed in triplicates and mean ± SD was 

calculated using Microsoft excel (Microsoft Corporation, USA).  

 

6.2.7. In vitro release kinetics of pediocin from Ped-MNC in DMEM medium 

To study the in vitro release kinetics of pediocin in antibiotic-free DMEM, Ped-MNC 

loaded with 800 AU/mL of pediocin was dispersed in 1.0 mL of sterile antibiotic-free 

DMEM media. The samples were incubated in an orbital shaker at 180 rpm and 37 °C. 

At specific time intervals (3 h, 6 h, 9 h, 12 h and 24 h) the samples were withdrawn and 

centrifuged at 10,000 × g for 15 min. The supernatant from various samples was 

transferred into a fresh microcentrifuge tube and pediocin activity was ascertained 

based on cFDA-based leakage assay (section 5.2.10.4. in Chapter 5) and a previously 

generated calibration plot (section 5.2.10.5. in Chapter 5) was used to measure the 

quantity of pediocin released from Ped-MNC at specific time periods and expressed as 

% cumulative release. 

 

6.2.8. Antibacterial activity of Ped-MNC on HT-29 cell-adhered pathogens 

Initially a monolayer of HT-29 cells was prepared for the adhesion assay as outlined in                 

section 2.2.6. in Chapter 2. Target cells of E. faecalis MTCC 439 (8.0 log10 CFU/mL) 
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and S. aureus MTCC 740 (8.0 log10 CFU/mL) were suspended in antibiotic-free 

DMEM medium and were added to the monolayer of HT-29 cells and incubated for 1 

h. Following incubation, the non-adhered cells were aspirated and in separate sets, 

purified pediocin (800 AU/mL) or Ped-MNC (corresponding to pediocin levels of 800 

AU/mL) were added and incubated for 1 h. At regular intervals (15 min, 30 min, 45 

min and 60 min), the HT-29 cells were washed with PBS, followed by addition of 

0.05% Triton-X to selectively lyse the HT-29 cells. For every sample the lysed cells 

were then serially diluted and plated on BHI agar plates to determine the viable cell 

numbers (log10 CFU/mL) of the adhered pathogen. All the experiments were performed 

in triplicate and data analysis and determination of standard deviation was performed 

with Microsoft Excel 2010 (Microsoft Corporation, USA). 

 

6.2.9. Inhibition of pathogen adhesion onto HT-29 cells by LAB and pediocin-loaded 

nanocomposite 

Initially the LAB cells (L. plantarum DF9 and L. rhamnosus GG) and model pathogens                        

(E. faecalis MTCC 439 and S. aureus MTCC 740) were labelled with cFDA-SE and 

TAMRA-SE, respectively as described previously in section 4.2.4. of Chapter 4. 

Subsequently, the TAMRA-labelled pathogens were added to HT-29 cells in a 24-well 

multi-dish plates and incubated for 1 h. The wells were then washed with sterile PBS to 

remove the non-adherent bacteria and the following test samples were added in 

separate wells: L. plantarum DF9 (7.0 log10 CFU added in 500 µL sterile PBS per 

well), L. rhamnosus GG (7.0 log10 CFU added in 500 µL sterile PBS per well), Ped-

MNC (loaded with 800 AU/mL pediocin and added in 500 µL sterile PBS per well) or 

a combination of L. plantarum DF9 (7.0 log10 CFU added in 250 µL sterile PBS per 

well) and Ped-MNC (loaded with 800 AU/mL pediocin and added in 250 µL sterile 

PBS per well) or a combination of L. rhamnosus GG (7.0 log10 CFU added in 250 µL 

sterile PBS per well) and Ped-MNC (loaded with 800 AU/mL pediocin and added in 

250 µL sterile PBS per well). The addition of test samples to pathogens adhering onto 

HT-29 cells was followed by an incubation period of 1 h. Subsequently, HT-29 cells 

containing the adhered bacterial cells were treated with 0.05 % Triton X-100 to 

selectively lyse the mammalian cells and the suspension containing the bacterial cells 

were then subjected to FCM. Detection of fluorescence signal, data acquisition and data 

analysis were accomplished as described in section 4.2.4. in Chapter 4. All the 
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experiments were performed in triplicates and mean and standard deviation was 

calculated. 

 

6.2.10. Estimation of process parameters for adhesion inhibition   

Initially the LAB cells (L. plantarum DF9 and L. rhamnosus GG) and model pathogens                        

(E. faecalis MTCC 439 and S. aureus MTCC 740) were labelled with cFDA-SE and 

TAMRA-SE, respectively as described previously in section 4.2.4. in Chapter 4. 

Subsequently, the TAMRA-SE labelled pathogen (cell numbers ranging from 4.0–8.0 

log10 CFU per well) were allowed to adhere on HT-29 cells for 1 h. Following the 

incubation, to the following test samples were added in separate wells: L. plantarum 

DF9 (7.0 log10 CFU added in 500 µL sterile PBS per well), L. rhamnosus GG (7.0 log10 

CFU added in 500 µL sterile PBS per well), Ped-MNC (loaded with 800 AU/mL 

pediocin and added in 500 µL sterile PBS per well) or a combination of L. plantarum 

DF9 (7.0 log10 CFU added in 250 µL sterile PBS per well) and Ped-MNC (loaded with 

800 AU/mL pediocin and added in 250 µL sterile PBS per well) or a combination of                

L. rhamnosus GG (7.0 log10 CFU added in 250 µL sterile PBS per well) and Ped-MNC 

(loaded with 800 AU/mL pediocin and added in 250 µL sterile PBS per well). 

Following 1 h of incubation, HT-29 cells containing the adhered bacterial cells were 

treated with 0.05 % Triton X-100 to selectively lyse the mammalian cells. The 

suspension, which essentially consisted of the TAMRA-labelled pathogen and cFDA-

labelled LAB were subjected to FCM and the results were acquired as quadrant plots as 

described previously in section 4.2.5. in Chapter 4. The quadrant plots were subjected 

to statistical analysis and the number of events obtained from upper left quadrant (for 

pathogens) and lower right quadrant (for LAB strains) was considered to assess the 

number of bacterial cells adhered onto HT-29 cells. Subsequently, the number of 

adhered pathogen was used to estimate the dissociation constant (kd) and maximum 

number of adhered cells (em) as described in section 4.2.6. in Chapter 4. Each 

experiment was performed in triplicate and the result was represented as mean ± 

standard deviation. Principal component analysis (PCA) of the adhesion inhibition 

assays was performed using a standard method (Fernandes et al., 2014). 

 

6.2.11. Imaging studies 

Prior to cell imaging studies, HT-29 cells were seeded onto a 24-well multidish plate 

and grown in DMEM medium at 37 °C till 90% confluency under 5.0 % CO2. 
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Subsequently, the cells were washed thrice with sterile PBS and incubated with 5.0 µM 

DAPI for 30 min. Following DAPI-labelling, HT-29 cells were washed with sterile 

PBS and incubated in separate sets with TAMRA-labelled E. faecalis MTCC 439 (8.0 

log10 CFU/mL) for 1 h. Subsequently, the adhered pathogen was exposed to Ped-MNC 

(loaded with pediocin levels of 800 AU/mL) as described in section 6.2.8. Following 

incubation, HT-29 cells were gently washed with sterile PBS to remove any non-

adherent or weakly adherent bacteria and observed under a fluorescence microscope 

(Eclipse Ti-U, Nikon, USA) using appropriate filters (UV filter for DAPI: Excitation: 

360/20 nm, Emission: 460/25 nm; Green filter for TAMRA-SE: Excitation: 540/25 nm, 

Emission: 605/55 nm). To study adhesion inhibition of E. faecalis MTCC 439 by                    

L. plantarum DF9 and Ped-MNC, the bacterial strains were labelled with TAMRA-SE 

and cFDA-SE, respectively, while HT-29 cells were labelled with DAPI. Subsequently, 

the experimental protocol for determining inhibition of pathogen adhesion onto HT-29 

cells was followed as described previously in section 6.2.9. Subsequently, the cells 

were washed with sterile PBS and the images of the adhered cells was captured using 

appropriate filters (UV filter for DAPI: Excitation: 360/20 nm, Emission: 460/25 nm; 

Blue filter for cFDA-SE: Excitation: 480/15 nm, Emission: 535/20 nm; Green filter for 

TAMRA-SE: Excitation: 540/25 nm, Emission: 605/55 nm).   

  

6.3. Results and Discussion  

6.3.1. Antibacterial activity of Ped-MNC on ECM-adhered pathogens 

The ability of S. aureus to adhere onto extracellular matrix (ECM) molecules and 

consequently colonize the intestine can be implicated in chronic infections (Foster et 

al., 2014; Gries et al., 2005; Hansen et al., 2006). Further, the presence of microbial 

surface components recognizing adhesive matrix molecules (MSCRAMMs) in                        

E. faecalis are known to mediate adhesion onto ECM and colonization on the host cells 

(Nallapareddy et al., 2000; Gao et al., 2013; McGuckin et al., 2011). Given the strong 

antibacterial activity of pediocin against L. monocytogenes, E. faecalis and S. aureus 

(Singh et al., 2012a), it was envisaged that the bacteriocin could perhaps curtail the 

ability of these pathogens to adhere and colonize ECM. To this end, Ped-MNC was 

initially incubated in simulated gastric fluid (SGF) as described in section 5.2.11. in 

Chapter 5. Incubation of Ped-MNC in SGF was pursued to simulate the gastric transit. 

Subsequently, Ped-MNC (treated with SGF) was deployed against ECM-adhered 

pathogens, L. monocytogenes Scott A, E. faecalis MTCC 439 and S. aureus MTCC 96.   
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Figure 6.1. cFDA-SE leakage assay on (A) collagen- and (B) mucin-adhered target bacteria 

treated with test samples.  

 

In executing these experiments, the model GI pathogens were initially labelled with the 

fluorescent dye cFDA-SE, which enabled us to perform a fluorescence-based cFDA 

leakage assay to determine the effect of Ped-MNC on ECM-adhered bacterial cells. It 

was interesting to note that exposure of collagen-adhering bacterial cells to Ped-MNC 

(incubated in 10 mM phosphate buffer) led to leakage of cFDA from target cells of                

L. monocytogenes Scott A (30.7% ± 2.5), E. faecalis MTCC 439 (31.3% ± 2.1) and                 

S. aureus MTCC 96 (30.94% ± 2.4), indicating that Ped-MNC could exhibit the 

membrane-directed activity typically associated with pediocin, on the collagen-adhered 

pathogens (Figure 6.1A). Encouragingly, exposure of ECM-adhered pathogens to Ped-

MNC which had been previously incubated in SGF, also led to cFDA leakage in the 

target cells of L. monocytogenes Scott A (22.5% ± 2.9), E. faecalis MTCC 439 (19.8 ± 

3.07) and S. aureus MTCC 96 (19.5% ± 3.1). A similar trend of elimination of mucin-

adhered pathogens was observed upon exposure to Ped-MNC (Figure 6.1B). Analysis 

of cFDA-SE labelled target bacterial cell under a fluorescence microscope indicated a 

reduction in the cell number subsequent to treatment with Ped-MNC (Figure 6.2A-

6.2B) and these results were found to agree with the trend observed in the dye-leakage 

assays (Figure 6.1A-6.1B). 
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Figure 6.2. Fluorescence microscope analysis to study the effect of Ped-MNC (800 AU/mL 

pediocin) on (A) collagen- and (B) mucin-adhered target bacteria. Scale bar for the images is 

200 µm. Panels: (i-iii) Images of untreated pathogen adhering onto collagen or mucin. (iv-vi) 

Images of pathogen treated with Ped-MNC (800 AU/mL pediocin). 

 

6.3.2. Effect of Ped-MNC and LAB on ECM-adhered pathogens 

Adhesion to ECM molecules is a critical step for pathogen colonization (Cossart et al. 

2011; Foster et al. 2014). Thus, deploying therapeutic agents, which selectively target 
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the key step of bacterial adhesion onto ECM molecules may be a viable approach. In 

this context, it may be mentioned that the native L. plantarum DF9 strain demonstrated 

efficient adhesion onto the ECM molecule mucin. Further comparison of the adhesion  

process parameters suggested that the dissociation constant (kd) was lower in case of                      

L. plantarum DF9 (on collagen, kd = 10.2 log10 CFU per well; on mucin, kd = 8.0 log10 

CFU per well) as compared to the model pathogens L. monocytogenes Scott A,                       

E. faecalis MTCC 439 and S. aureus MTCC 96 (Table 3.2 in Chapter 3 and Table A3.1 

in Appendix). This finding indicated that the native L. plantarum DF9 strain could 

perhaps be leveraged to render inhibition of the adhesion process of the pathogen onto 

ECM. Further, the abrogation of ECM-adhered pathogen by Ped-MNC was also 

demonstrated earlier (Figure 6.1 and Figure 6.2). Hence, the subsequent endeavor was 

to ascertain whether a higher level of abrogation of ECM-adhered pathogen could be 

achieved by deploying a combinatorial regimen of Ped-MNC and LAB strains. To this 

end, the model GI pathogens, E. faecalis MTCC 439 and S. aureus MTCC 96 were pre-

labelled with cFDA-SE and incubated in collagen- or mucin-coated wells. 

Subsequently, the non-adhered cells were aspirated and either LAB cells or Ped-MNC 

or their combinations thereof was added to the ECM-adhered pathogens. In the 

adhesion assay, a primary observation was that the presence of Ped-MNC led to a 

comparatively higher elimination of the collagen-adhered E. faecalis MTCC 439 

(38.2% ± 2.8) cells as compared to that observed for L. plantarum DF9 alone (5.3% ± 

0.7) (Figure 6.3A). It can be construed that the released fraction of pediocin from Ped-

MNC could perhaps directly target the adhered E. faecalis MTCC 439 and render 

membrane damage in the target cells. Consequently, it is anticipated that membrane 

damage in the target cells may compromise their ability to adhere onto ECM matrix. 

However, in case of deployment of L. plantarum DF9, hindrance to the adhesion of 

ECM-adhered E. faecalis is essentially dependent on a physical process wherein, the 

LAB cells must displace a large number of ECM-adhered target pathogen cells within a 

short period of assay (1 h in the present case). This tenet is manifested as a lower 

efficacy of L. plantarum DF9 cells in abrogating ECM-adhered E. faecalis MTCC 439 

cells as compared to that observed for treatment with Ped-MNC (Figure 6.3A). 

Interestingly, application of a combinatorial regimen of L. plantarum DF9 and Ped-

MNC led to a heightened elimination of collagen-adhered cells of E. faecalis MTCC 

439 (58.7% ± 4.9) as compared to that observed for Ped-MNC or L. plantarum DF9 

alone (Figure 6.3A). Presumably, the individual effects of Ped-MNC and L. plantarum  
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Figure 6.3. Adhesion inhibition on (A-B) collagen-coated or (C-D) mucin-coated wells by test 

samples. (A and C) represent adhesion inhibition of E. faecalis MTCC 439 and (B and D) 

represent adhesion inhibition of S. aureus MTCC 96.  

 

DF9 are harnessed in tandem, which leads to superior abrogation of the ECM-adhered 

target pathogen in the combinatorial assay. The combination of Ped-MNC and                        

L. rhamnosus GG led to a superior pathogen clearance as compared to Ped-MNC and 

L. plantarum DF9 (Figure 6.3A). This finding may be attributed to the higher adhesion 

of L. rhamnosus GG to collagen molecules as compared to that observed for                          

L. plantarum DF9 (Figure 3.5A in Chapter 3). A similar trend of decrease in adhered 

cells of S. aureus MTCC 96 on collagen-coated wells was also observed with the 

combination of Ped-MNC and LAB cells (Figure 6.3B). The application of Ped-MNC 
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and L. plantarum DF9 in mucin-coated wells was observed to cause a superior 

elimination of E. faecalis MTCC 439 as compared to that observed in collagen-coated 

wells (Figure 6.3C). This result may be attributed to the comparatively higher adhesion 

potential of L. plantarum DF9 to mucin molecules as compared to collagen molecules 

(Figure 3.5A-3.5B in Chapter 3). An analogous trend of adhesion inhibition was also 

observed in case of S. aureus MTCC 96 on mucin-coated wells (Figure 6.3D). 

Notwithstanding the promising results obtained in the short period adhesion assay, the 

potential of the combination of Ped-MNC and L. plantarum DF9 strain to mitigate 

ECM-adhered target pathogen needs to be validated in future through more rigorous in 

vivo models.  

 

6.3.3. Quantitative analysis of adhesion inhibition of pathogens on ECM 

To acquire a nuanced understanding of the adhesion inhibition process by Ped-MNC 

and the LAB cells, varying cell numbers of E. faecalis MTCC 439 and S. aureus 

MTCC 96 were incubated in collagen-coated or mucin-coated wells in presence of the 

antibacterial agents. Subsequently, the dose dependent adhesion of the model 

pathogens was used to estimate the dissociation constant (kd) and the maximum number 

of adhered cells (em) as mentioned previously in section 4.2.6. in chapter 4. In the 

absence of any intervention, cFDA-SE labelled cells of E. faecalis MTCC 439 

demonstrated a systematic increase in adhesion to collagen-coated wells with 

increasing cell numbers (Figure 6.4A). At the highest tested cell concentration (8.0 

log10 CFU/mL), a 57% of adhesion was recorded (Figure 6.4A). Further, addition of                  

L. plantarum DF9 led to only a minor reduction in adhesion (44.3%) at the pathogen 

concentration of 8.0 log10 CFU/mL, which may be ascribed to the superior adhesion of 

E. faecalis cells to collagen as compared to L. plantarum DF9. Incubation of collagen-

adhered E. faecalis MTCC 439 cells with Ped-MNC was found to lower the adhesion 

of the pathogen (26%), presumably due to the antibacterial activity of the bacteriocin 

loaded nanocomposite (Figure 6.4A). Interestingly, addition of Ped-MNC and                         

L. plantarum DF9 led to a profound decline in the adhesion (12%) of E. faecalis MTCC 

439 cells to collagen-coated wells (Figure 6.4A). At higher pathogen cell concentration 

(7.0 and 8.0 log10 CFU per well), the combination of Ped-MNC and L. plantarum DF9 

failed to entirely prevent pathogen adhesion (Figure 6.4A). Presumably, the short 

period of assay leads to a low magnitude of pediocin release from Ped-MNC. 

Moreover, the physical displacement of pathogen by L. plantarum DF9 cells might be  
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Figure 6.4. Concentration-dependent adhesion of pathogens on (A-B) collagen-coated and                   

(C-D) mucin-coated wells. Target bacteria was (A and C) E. faecalis MTCC 439,                                          

(B and D) S. aureus MTCC 96.  

 

hindered by the short time period of the assay. A similar trend of decrease in adhesion 

of S. aureus MTCC 96 was also observed on exposure to a combination of Ped-MNC 

and L. plantarum DF9 in collagen-coated wells (Figure 6.4B), albeit to a lesser extent. 

On performing the dose dependent experiment on mucin-coated wells, the primary 

observation was that the presence of L. plantarum DF9 led to a lower adhesion (22%) 

of E. faecalis MTCC 439 (Figure 6.4C). Further, on exposure of E. faecalis MTCC 439 

cells to Ped-MNC and L. plantarum DF9, the adhesion was observed to reduce 

profoundly (10%) and this reduction was higher than that observed in case of collagen-

coated wells (Figure 6.4C and Figure 6.4A). This may be attributed to the higher  
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Figure 6.5. Change in adhesion process parameters of E. faecalis MTCC 439 in (A-B) 

collagen-coated wells and (C-D) mucin-coated wells respectively. 1. L. plantarum DF9,                 

2. L. rhamnosus GG, 3. Pediocin, 4. Ped-MNC, 5. L. plantarum DF9 and pediocin,                          

6. L. rhamnosus GG and pediocin, 7. L. plantarum DF9 and Ped-MNC, 8. L. rhamnosus GG 

and Ped-MNC. 

 

adhesion of L. plantarum DF9 cells to mucin molecules as compared to collagen 

molecules as evidenced previously in section 3.3.1. (Figure 3.5) in chapter 3. An 

analogous reduction in adhesion was also observed in case of S. aureus MTCC 96 in 

presence of Ped-MNC and L. plantarum DF9 to mucin-coated wells (Figure 6.4D), 

although to a lesser extent.   

 Subsequently, the concentration-dependent adhesion of E. faecalis MTCC 439 

and S. aureus MTCC 96 was used to probe the changes in the adhesion process 

parameters, (kd and em) in presence of the test samples. The essential observation was 

that there was minimal change in kd of E. faecalis MTCC 439 in presence of                           

L. plantarum DF9 or L. rhamnosus GG (Figure 6.5A). This result may be attributed to 

the high surface coverage by E. faecalis, which leads to occlusion of binding sites for 

adhesion of LAB cells to collagen. Further, pediocin and Ped-MNC were found to 
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demonstrate significant increase in kd of E. faecalis adhesion to collagen. Presumably, 

the membrane perturbation of E. faecalis cells by pediocin or Ped-MNC may reduce 

the strength of adhesion of the pathogen onto ECM molecules. Interestingly, the 

combination of Ped-MNC and L. plantarum DF9 against collagen-adhered E. faecalis 

MTCC 439 led to a substantial increase in kd, indicating a considerable reduction in the 

binding efficiency of E. faecalis cells to collagen molecules. Further, the increase in kd 

was observed to be higher than that observed for Ped-MNC or L. plantarum DF9 alone 

(Figure 6.5A). Perhaps, the individual abilities of Ped-MNC and L. plantarum DF9, to 

inhibit pathogen adhesion, could act in tandem to lead to a synergistic effect and cause 

reduction in collagen-adhered E. faecalis MTCC 439 cells. In case of em, the presence 

of L. plantarum DF9 was found to have minimal effect on the adhesion of E. faecalis 

MTCC 439 (Figure 6.5B). Further, there was a higher reduction in em of E. faecalis 

MTCC 439 upon exposure to Ped-MNC and L. plantarum DF9 (Figure 6.5B). 

Presumably, the antibacterial activity of Ped-MNC and the anti-adhesion potency of                

L. plantarum DF9 led to a substantial decline in the number of target pathogen cells 

adhering onto collagen, which is perhaps reflected as a decrease in em. An analogous 

result was also obtained in case of the adhesion process variables on mucin-coated 

wells (Figure 6.5C-6.5D). On performing the quantitative analysis of the change in 

adhesion process parameters of pre-adhered cells of S. aureus MTCC 96, a similar 

trend was recorded (Figure A6.1 in Appendix). 

 

6.3.4. Antibacterial activity of Ped-MNC on pathogens adhering onto HT-29 cells 

Considering the encouraging results obtained with Ped-MNC and L. plantarum DF9 

against ECM-adhered pathogens, the subsequent aim was to probe the efficacy of this 

combinatorial regimen in abrogating pathogens adhering onto HT-29 cells. To this end, 

it was pertinent to initially probe the in vitro release kinetics of pediocin from Ped-

MNC in antibiotic-free DMEM medium, which was used to propagate the HT-29 cells. 

A primary observation was that the release of pediocin from Ped-MNC in antibiotic-

free DMEM media was observed to be slow and the magnitude was 26% after 24 h of 

incubation (Figure 6.6A). The low levels of pediocin release from Ped-MNC may be 

ascribed to the neutral pH of the DMEM medium as it has been previously 

demonstrated that the in vitro release kinetics from Ped-MNC in HEPES buffer (pH  
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Figure 6.6. (A) In vitro release kinetics of pediocin from Ped-MNC incubated in antibiotic-free 

DMEM media. (B) Viability of E. faecalis MTCC 439 adhered onto HT-29 cells on exposure 

to test samples. (C) Fluorescence microscopic analysis to ascertain effect of Ped-MNC on 

adhered E. faecalis MTCC 439. (i-iv) and (v-viii) refer to untreated adhered cells and adhered 

cells treated with Ped-MNC, respectively. Scale bar for the images is 100 μm.  

 

7.4) was also low (Figure 5.7 in Chapter 5). Exposure of HT-29 adhering E. faecalis 

MTCC 439 cells to Ped-MNC led to a viability of nearly 62% of the adhered pathogen 

(Figure 6.6B). However, the viability of adhered E. faecalis MTCC 439 cells was 

considerably higher than that observed for pure pediocin (40%) (Figure 6.6B). Release 

of pediocin from Ped-MNC is a prerequisite for its bactericidal activity, which may 
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account for the comparatively lower potency of Ped-MNC against ECM-adhered 

adhered pathogen as opposed to pediocin alone. However, pediocin exposed to SGF 

was observed to have minimal effect on the HT-29 adhered cells of E. faecalis MTCC 

439 as evidenced by the high bacterial viability (99.2%) (Figure 6.6B). In contrast to 

pediocin incubated in SGF, Ped-MNC, which had been subjected to SGF treatment, 

was found to possess a higher bactericidal activity as evidenced by a lesser viability 

(75.9%) of the adhered E. faecalis cells, indicating that the retention of pediocin 

activity in Ped-MNC incubated in SGF was critical in order to mitigate the adhered 

pathogens (Figure 6.6B). This finding is encouraging considering that a therapeutic 

intervention directed against intestine-adhered pathogens must prevail in the harsh 

gastric environment. A similar trend in the loss of viability of S. aureus MTCC 740 

cells was observed upon exposure to Ped-MNC (Figure A6.2 in Appendix). 

Fluorescence microscope analysis with TAMRA-SE labelled E. faecalis MTCC 439 

cells also indicated a reduction in the adhered cells upon exposure to Ped-MNC (Figure 

6.6C).                                  

 

6.3.5. Effect of Ped-MNC and LAB on HT-29-adhered pathogens 

Based on the encouraging results obtained with Ped-MNC against pathogens adhering 

onto HT-29 cells, it was envisaged that simultaneous deployment of L. plantarum DF9 

and Ped-MNC in an adhesion assay can lead to superior elimination of the pathogens 

adhering onto the host cells. To this end, TAMRA-SE labelled model pathogens (8.0 

log10 CFU/mL) were allowed to adhere onto HT-29 cells and subsequently exposed to a 

combination of Ped-MNC and cFDA-SE labelled L. plantarum DF9 cells. The presence 

of L. plantarum DF9 had minimal effect on adhered pathogen as evident from the 

significant levels of E. faecalis MTCC 439 cells adhering onto HT-29 cells (61.1%) 

(Figure 6.7A, upper left quadrant). The lack of a significant impact by L. plantarum 

DF9 cells in displacing pre-adhered E. faecalis MTCC 439 cells may be attributed to 

the high surface coverage of the HT-29 cells by the pathogen, which likely leads to 

occlusion of receptors for adhesion of L. plantarum DF9 cells. Interestingly, treatment 

of E. faecalis MTCC 439 cells adhered onto HT-29 cells with Ped-MNC and                 

L. plantarum DF9 led to a notable decline in the population of adhered pathogenic cells 

(25.0%) (Figure 6.7B, upper left quadrant). Concomitantly, the decrease in the 

population of adhered E. faecalis MTCC 439 cells was associated with an increase  
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Figure 6.7. Dual color FCM-based adhesion assay to ascertain the effect of different test 

samples on adhesion of E. faecalis MTCC 439 onto HT-29 cells. (A) L. plantarum DF9,                                       

(B) L. plantarum DF9 and Ped-MNC, (C) L. plantarum DF9 and pediocin. (D) Fluorescence 

microscopic analysis to ascertain effect of different test samples on adhesion of E. faecalis 

MTCC 439 onto HT-29 cells. Panels (i-v) and (vi-x) refer to treatment with L. plantarum DF9 

or a combination of L. plantarum DF9 and Ped-MNC, respectively. Scale bar for the images is 

100 μm. 

 

(from 32.1% to 58.7%) in the relative number of adhered L. plantarum DF9 cells 

(Figure 6.7A-6.7B, lower right quadrant). Presumably, the depletion of adhered 

E.faecalis cells on HT-29 monolayer was due to the combined effect of the 

antibacterial activity of Ped-MNC on the target pathogen as well as the propensity of    

L. plantarum DF9 to adhere onto HT-29 cells. Interestingly, the application of purified 

pediocin and L. plantarum DF9 led to a profound decrease in adhered population of                          

E. faecalis MTCC 439 cells (14.8%), which may again be attributed to the availability 

of a high local concentration of the bacteriocin and L. plantarum cells for mitigation of 
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the adhered pathogen (Figure 6.7C). An analogous trend in decrease of adhered cells of                        

S. aureus MTCC 740 on HT-29 monolayer was also recorded on exposure to Ped-MNC 

and L. plantarum DF9 cells (Figure A6.3 in Appendix). The observations of FCM 

analysis (Figure 6.7A-6.7C) was also validated through cell imaging studies, wherein 

higher abrogation of HT-29 cell adhered pathogen was recorded in combination with 

Ped-MNC and L. plantarum DF9, respectively, as opposed to treatment with                           

L. plantarum DF9 alone (Figure 6.7D). 

 

6.3.6. Quantitative analysis of adhesion inhibition of pathogens by native L. plantarum  

To gain further insight, assessment of adhesion inhibition of varying concentrations             

(4.0 log10 CFU/mL, 6.0 log10 CFU/mL, 8.0 log10 CFU/mL) of E. faecalis MTCC 439 or                                             

S. aureus MTCC 740 by Ped-MNC and LAB strains was pursued using dual dye FCM 

analysis, and the adhesion process variables, such as dissociation constant (kd) and the 

maximum number of adhered cells (em) of the pathogen were ascertained as mentioned 

previously in section 4.2.6 in Chapter 4. An essential observation was that there was an 

increase in kd and decrease in em for E. faecalis MTCC 439, and this trend was 

unequivocally observed in presence of all of the test samples (Figure 6.8A-6.8B). The 

application of LAB strains, L. plantarum DF9 or L. rhamnosus GG led to miniscule 

change in kd and em. The failure of L. plantarum DF9 or L. rhamnosus GG to cause a 

significant change in kd and em may be attributed to the adhesion of E. faecalis to 

majority of host cells, leading to the availability of only weak binding sites on the host 

cells for adhesion of LAB. Pediocin and Ped-MNC were observed to cause significant 

increase in kd and decrease in em (Figure 6.8A-6.8B). Presumably the membrane 

perturbation of E. faecalis MTCC 439 due to the antibacterial activity of pediocin 

hinders its binding efficiency to receptors present on the host cells, which is reflected as 

an increase in kd. Further, E. faecalis MTCC 439 cells, which have undergone 

membrane damage will adhere in low numbers, leading to a decrease in em. 

Interestingly, the combination of Ped-MNC and L. plantarum DF9 led to a sharp 

increase in kd and decrease in em, and this was superior to that observed for either Ped-

MNC or L. plantarum DF9 alone (Figure 6.8A-6.8B). It may be construed that the 

antibacterial activity of the bacteriocin-loaded nanocomposite could have led to 

membrane-damage of E. faecalis MTCC 439, which in turn may compromise the 

adhesion propensity of the pathogen and thus enable L. plantarum DF9 cells in the 

vicinity to adhere efficiently onto the available binding sites in higher numbers. Given  
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Figure 6.8. Change in adhesion process parameters of (A-B) E. faecalis MTCC 439 and                        

(C-D) S. aureus MTCC 740 imparted by test samples. 1. L. plantarum DF9, 2. L. rhamnosus 

GG, 3. Pediocin, 4. Ped-MNC, 5. L. plantarum DF9 and pediocin, 6. L. rhamnosus GG and 

pediocin, 7. L. plantarum DF9 and Ped-MNC, 8. L. rhamnosus GG and Ped-MNC. 

 

the potential of the combination of Ped-MNC and L. plantarum DF9 strain to mitigate 

host cell-adhered target pathogen, it would be interesting to validate the combination 

effect through more rigorous in vivo models. A similar trend in change of the adhesion 

process variables was also observed in case of S. aureus MTCC 740 (Figure 6.8C-

6.8D).      

 

6.3.7. Principal component analysis (PCA) for inhibition of pathogen adhesion  

A holistic understanding of the change in adhesion process variables such as kd and/or 

em of the pathogen in presence of either the antibacterial agents pediocin or Ped-MNC  
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Figure 6.9. Principal component analysis to determine the relative influence of various LAB 

strains on the kd and/or em of pathogen adhesion onto HT-29 cells. 1. L. plantarum DF9,                             

2. L. rhamnosus GG, 3. Pediocin, 4. Ped-MNC, 5. L. plantarum DF9 and pediocin,                            

6. L. rhamnosus GG and pediocin, 7. L. plantarum DF9 and Ped-MNC, 8. L. rhamnosus GG 

and Ped-MNC. 

 

or    anti-adhesion agents, L. plantarum DF9 or L. rhamnosus GG or combinations 

thereof could provide insights and foster development of efficient therapeutic 

intervention for selective elimination of GI pathogens. To this end, a principal 

component analysis (PCA) was performed based on the relative change in kd and em of 

the pathogens in presence of various test samples. It may be mentioned that the PCA 

was performed on the change in kd and/or em of pre-adhered pathogens. It was 

interesting to observe that L. rhamnosus GG and L. plantarum DF9 exhibited a high 

value for component 2 (Figure 6.9 and Table A6.1 in Appendix), reflecting that these 

strains imparted a larger change on kd as compared to em of pathogen. Since these LAB 

strains possess superior binding affinity (kd) to HT-29 cells as compared to the 

pathogens (Table 4.1 in Chapter 4), it may be construed that these strains were able to 

perhaps compete and displace some of the pre-adhered pathogen, which is captured as a 

change in the kd of pathogen adhesion (Figure 6.9 and Table A6.1 in Appendix). 

However, it may be mentioned that the high surface coverage of HT-29 cells by pre-

adhered pathogens perhaps limits the adhesion of a high number of LAB onto                 

HT-29 cells. This is reflected as a minimal change in em of the model GI pathogen 

(Figure 6.9 and Table A6.1 in Appendix). Pediocin and Ped-MNC displayed a high 

value for component 3 (Figure 6.9 and Table A6.1 in Appendix), reflecting that these 
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agents exerted a pronounced effect on kd and a lesser effect in em. Presumably, the 

antibacterial activity of pediocin causes membrane perforations in a fraction of the 

pathogens adhering onto HT-29 cells. This perhaps leads to loss of native state and 

function of cell surface proteins of the pathogens implicated in host cell adhesion. 

Consequently, there is a reduction in the strength of binding, which is in turn reflected 

as an increase in kd and a minor decrease in em for adhesion of the pathogen (Figure 6.9 

and Table A6.1 in Appendix). However, the combinations of Ped-MNC or pediocin 

with the LAB strains, L. plantarum DF9 and L. rhamnosus GG exhibited a high value 

for component 1 (Figure 6.9 and Table A6.1 in Appendix), indicating a marked change 

in kd and em of pre-adhered pathogen. It may be construed that using an antibacterial 

agent and an anti-adhesion LAB strain perhaps magnifies the individual effects of the 

bacteriocin and LAB, which is manifested as a cumulative effect on the adhesion of the 

pathogen on HT-29 cells.  

 

6.4. Significant Findings 

The salient findings of this chapter are as follows: 

 

1. Pediocin-loaded milk protein nanocomposite (Ped-MNC), which had been 

exposed to simulated gastric fluid (SGF), could abrogate ECM-adhered 

pathogens, in contrast to pediocin, which failed to be effective against ECM-

adhered pathogens after incubation in SGF.  

 

2. The combination of Ped-MNC and L. plantarum DF9 led to a considerable 

decrease in ECM-adhered pathogens. The remarkable activity of Ped-MNC and                 

L. plantarum DF9 could be ascribed to a substantial change in the adhesion 

process parameters, such as dissociation constant (kd) and the maximum number 

of adhered bacteria (em). 

  

3. Ped-MNC, which had been pre-exposed to SGF, led to elimination of                        

E. faecalis cells adhering onto HT-29. Further, the combination of Ped-MNC 

and L. plantarum DF9 led to a superior decline in the population of E. faecalis 

MTCC 439 adhering onto HT-29 cells, in contrast to that observed for                        

L. plantarum DF9 alone.   

 

TH-2159_126106018



Significant Findings  Chapter 6 

168 
 

4. The decline in the population of adhered E. faecalis MTCC 439 cells by a 

combination of Ped-MNC and L. plantarum DF9 was also associated with an 

increment in the relative number of L. plantarum DF9 cells adhering onto                             

HT-29 cells, indicating the selective elimination of E. faecalis cells.   

 

5. Assessment of the adhesion process parameters (kd and em) in conjunction with 

a principal component analysis (PCA) provided an insight on the mechanistic 

aspect of the combinatorial activity of Ped-MNC and L. plantarum DF9.  

 

In the constant endeavor to counter the menace of gastrointestinal infections caused by 

pathogenic bacteria, the present study, which describes a combinatorial approach 

comprising of a bacteriocin-loaded nanomaterial and a potentially probiotic LAB strain, 

presents a promising avenue for development of niche specific therapy for selective 

mitigation of intestinal pathogens. It will be interesting to validate the potential of the 

combinatorial activity of bacteriocin-loaded nanomaterial and LAB cells against a 

broader set of gastrointestinal pathogens and in in vivo models.  
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SUMMARY AND FUTURE PERSPECTIVE 

 

A critical challenge in modern healthcare regime is the rising incidence of 

gastrointestinal infections caused by pathogenic bacteria. The problem is further 

compounded due to the usage of therapeutic antibiotics, which leads to the abrogation 

of beneficial gut microflora, that are known to prevent colonization of the gastric niche 

by intestinal pathogens. In this context, the present investigation, which reports the 

potential of native isolates of probiotic LAB and its metabolite, namely bacteriocin, in 

mitigating gastrointestinal pathogenic bacteria, presents a prospective therapeutic 

approach for addressing a contemporary global healthcare problem. The salient 

advancements of the study and the future prospect is discussed in the following section: 

   

(1) LAB strains isolated from indigenous sources, such as dahi, dried fish and salt-

fermented cucumber were probed for their probiotic attributes using quantitative 

assays, that enabled the selection of potential strains. The revelation of the in vitro tests 

was interesting since native LAB isolates obtained from non-human source such as 

dahi, dried fish and fermented cucumber displayed functional traits, which are typically 

associated with potential probiotics. It is foreseen that some of the native bacteriocin-

producing LAB isolates, which displayed potential probiotic attributes, may be 

subjected to in vivo studies, and in future, these strains may find application in the 

healthcare domain.  

 

(2) The strong adhesion of bacteriocin-producing isolates of L. plantarum to                                  

ECM molecules collagen and mucin as well as HT-29 cells selected as model intestinal 

cells was captured through sensitive fluorescence-based assays. The ECM and HT-29 

cell-adhering L. plantarum isolates were also bacteriocinogenic, which impart a 

competitive edge to these strains. Determination of the adhesion process parameters (kd 

and em) and a principal component analysis provided an insight on the adhesion 

propensities of the LAB strains and the model pathogen and thereby provided a handle 

to select promising LAB strains that may hold potential in anti-adhesion therapy. In 

future, it would be important to validate this scope of the strains in in vivo models as a 

step towards the rational development of LAB-based safe antibacterial therapy.  
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(3) The collateral cost associated with therapeutic antibiotics underscores the need for 

therapeutic approaches with selective abrogation of gastrointestinal pathogenic 

bacteria. In this regard, LAB bacteriocins can be deployed considering their strong 

antibacterial activity towards intestinal pathogens and narrow antimicrobial spectrum. 

However, the possibility of proteolytic inactivation of LAB bacteriocins during gastric 

transit may limit their therapeutic potential. In the present investigation, this critical 

issue is addressed by presenting a robust milk protein based nanoparticle, for 

encapsulation and delivery of LAB bacteriocin. Interestingly, the developed 

nanoparticle could impart significant retention of the activity of encapsulated 

bacteriocin in a simulated gastric transit experiment. Mechanistic studies seem to 

suggest that the milk protein nanoparticle rendered a competitive inhibition of pepsin, a 

major proteolytic enzyme present in the gastric fluid. In the constant endeavor to 

mitigate gastrointestinal pathogenic bacteria, it will be interesting in future to validate 

the potential of the developed nanocomposite against a broader set of clinical 

gastrointestinal pathogenic bacteria and in in vivo infection models.  

 

(4) The prospect of a combinatorial regimen of native L. plantarum strains and Ped-

MNC in preventing adhesion of pathogenic bacteria on ECM and HT-29 cells has been 

evaluated. The ability of the combinatorial regimen to significantly change the 

adhesion process parameters of the pathogens adhering onto ECM or HT-29 cells is 

encouraging, considering the burden of gastrointestinal infections. It would be 

interesting to realize the potential of this treatment regimen in in vivo infection models.  

The present investigation essentially encompasses a comprehensive effort towards the 

development of LAB-based therapeutic approaches that hold considerable promise in 

mitigating adhesion of pathogenic bacteria in the gastro-intestinal niche. A graphical 

representation of the significant findings emerging from the present investigation is 

indicated in in Scheme 1. 
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Scheme 1. Graphical representation of the significant findings of the present investigation. 
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APPENDIX 

Table A2.1. Viability of standard LAB in presence of oxgall bile salts 
 

Strain a Viable count (log10 CFU/mL)  SD 

 0 h 6 h 12 h 24 h 

L. acidophilus NRRL B4495 6.1 ± 0.03 6.7 ± 0.01 7.01 ± 0.02 9.96 ± 0.02 

L. gasseri NRRL B4240 6.12 ± 0.05 6.80 ± 0.02 7.07 ± 0.02 9.0 ± 0.01 

L.  helveticus NCIM 2126 6.11 ± 0.01 6.90 ± 0.03 7.06 ± 0.1 9.0 ± 0.5 

L. johnsonii NRRL B2178 6.0 ± 0.02 6.80 ± 0.01 7.09 ± 0.04 8.92 ± 0.07 

L. plantarum MTCC 1325 6.11 ± 0.02 6.51 ± 0.05 7.06 ± 0.01 9.04 ± 0.04 

L. plantarum MTCC 1407 6.1 ± 0.01 6.7 ± 0.02 7.05 ± 0.01 9.04 ± 0.03 

L. plantarum MTCC 1746 6.0 ± 0.04 6.6 ± 0.03 7.0 ± 0.09 9.0 ± 0.3 

L. plantarum NCIM 2083 6.1 ± 0.03 6.61 ± 0.02 7.0 ± 0.07 8.96 ± 0.01 

L. plantarum NCIM 2592 6.06 ± 0.01 6.6 ± 0.08 7.04 ± 0.05 9.0 ± 0.04 

a Viable cell numbers are expressed as mean cell count (log10 CFU/mL) followed by standard deviation 
(SD) value.  
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Table A2.2. BLAST analysis for L. plantarum CRA38 bsh gene 
 

Description Max Score Total 

score 

Query 

cover 

E-value Identity Accession 

number 

L. plantarum 

strain K259 

chromosome, 

complete genome 

544 544 100% 7 x 10-151 99% CP025590.1 

L. plantarum 

strain KC3 

chromosome, 

complete genome 

544 544 100% 7 x 10-151 99% CP025586.1 

L. plantarum 

strain ATCC 8014 

chromosome, 

complete genome 

544 544 100% 7 x 10-151 99% CP024413.1 

L. plantarum 

strain GBLP1, 

complete genome 

544 544 100% 7 x 10-151 99% CP020564.1 

L. plantarum 

strain TMW 

1.1623, complete 

genome 

544 544 100% 7 x 10-151 99% CP017379.1 
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Table A2.3. BLAST analysis for L. plantarum CRA38 cnbp gene 
 

Description Max Score Total 

score 

Query 

cover 

E-value Identity Accession 

number 

L. plantarum 

strain ATCC 8014 

chromosome, 

complete genome 

850 850 100% 0.0 100% CP024413.1 

L. plantarum 

strain B21, 

complete genome 

850 850 100% 0.0 100% CP010528.1 

L. plantarum 

DOMLa, 

complete genome 

850 850 100% 0.0 100% CP004406.1 

L. plantarum 

JDM1, complete 

genome 

850 850 100% 0.0 100% CP001617.1 

L. plantarum 

PC520 

chromosome, 

complete genome 

845 845 100% 0.0 99% CP023772.1 
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Table A2.4. BLAST analysis for L. plantarum CRA38 fbp gene 
 

Description Max Score Total 

score 

Query 

cover 

E-value Identity Accession 

number 

L. plantarum 

strain ATCC 8014 

chromosome, 

complete genome 

843 843 100% 0.0 100% CP024413.1 

L. plantarum 

strain B21, 

complete genome 

843 843 100% 0.0 100% CP010528.1 

L. plantarum 

DOMLa, 

complete genome 

843 843 100% 0.0 100% CP004406.1 

L. plantarum 

JDM1, complete 

genome 

843 843 100% 0.0 100% CP001617.1 

L. plantarum 

PC520 

chromosome, 

complete genome 

837 837 100% 0.0 99% CP023772.1 
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Table A2.5. Viability of standard LAB in simulated gastric fluid (SGF)  
 

Strain a Viable count (log10 CFU/mL)  SD 

 0 min 40 min 80 min 120 min 

L. acidophilus NRRL B4495 6.09 ± 0.01 6.03 ± 0.06 5.96 ± 0.1 5.24 ± 0.04* 

L. gasseri NRRL B4240 6.1 ± 0.03 5.57 ± 0.05* 5.1 ± 0.1* 5.04 ± 0.04* 

L.  helveticus NCIM 2126 6.07 ± 0.02 6.01 ± 0.01 5.94 ± 0.02 5.31 ± 0.07* 

L. johnsonii NRRL B2178 6.07 ± 0.05 6.02 ± 0.01 5.91 ± 0.06 5.26 ± 0.11* 

L. plantarum MTCC 1325 6.11 ± 0.02 6.01 ± 0.1 5.5 ± 0.09* 5.04 ± 0.2* 

L. plantarum MTCC 1407 6.1 ± 0.01 5.97 ± 0. 2 5.1 ± 0.2* 4.95 ± 0.01* 

L. plantarum MTCC 1746 6.0 ± 0.04 5.5 ± 0.07* 5.0 ± 0.02* 4.5 ± 0.1* 

L. plantarum NCIM 2083 6.1 ± 0.03 6.01 ± 0.2 5.7 ± 0.27 5.16 ± 0.04* 

L. plantarum NCIM 2592 6.06 ± 0.01 5.96 ± 0.04 5.34 ± 0.1* 5.0 ± 0.05* 

a Viable cell numbers are expressed as mean cell count (log10 CFU/mL) followed by standard deviation 
(SD) value. * indicates p value < 0.05 obtained in a one-way ANOVA. 

 

 

 

 

 

 

 

 
 

TH-2159_126106018



Appendix            
 
 

218 
 

Table A2.6. Viability of standard LAB in simulated intestinal fluid (SIF) 
 

Strain a Viable count (log10 CFU/mL)  SD 

 0 min 2 h 4 h 6 h 

L. acidophilus NRRL B4495 6.09 ± 0.01 6.05 ± 0.04 6.00 ± 0.07 6.00 ± 0.09 

L. gasseri NRRL B4240 6.1 ± 0.03 6.00 ± 0.08 5.97 ± 0.09 5.96 ± 0.08 

L.  helveticus NCIM 2126 6.07 ± 0.02 6.00 ± 0.05 5.96 ± 0.12 5.96 ± 0.05 

L. johnsonii NRRL B2178 6.07 ± 0.05 6.03 ± 0.06 5.97 ± 0.14 5.97 ± 0.1 

L. plantarum MTCC 1325 6.11 ± 0.02 6.1 ± 0.01 6.0 ± 0.2 5.99 ± 0.01 

L. plantarum MTCC 1407 6.1 ± 0.01 6.1 ± 0.02 6.0 ± 0.03 6.0 ± 0.3 

L. plantarum MTCC 1746 6.0 ± 0.04 6.0 ± 0.27 5.97 ± 0.02 5.95 ± 0.1 

L. plantarum NCIM 2083 6.1 ± 0.03 6.08 ± 0.05 6.01 ± 0.1 6.0 ± 0.4 

L. plantarum NCIM 2592 6.06 ± 0.01 6.01 ± 0.1 5.94 ± 0.05 5.93 ± 0.01 

a Viable cell numbers are expressed as mean cell count (log10 CFU/mL) followed by standard deviation 
(SD) value.
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Figure A3.1. Crystal violet-based adhesion assay of L. plantarum strains onto (A) collagen and                            

(B) mucin.  

 

 

Table A3.1. Quantitative parameters for the adhesion process of model pathogens on collagen 

and mucin  

Strains Adhesion on collagen Adhesion on mucin 

 

Maximum number 
of adhered bacteria      

(em) 
log10 CFU 
per well 

Dissociation 
constant        

(kd) 
log10 CFU 
per well 

Maximum number 
of  adhered bacteria                        

(em) 
log10 CFU 
per well 

Dissociation 
constant     

(kd) 
log10 CFU 
per well 

S. aureus MTCC 96 6.78 12.7 12.0 18.25 

E. faecalis MTCC 439 9.29 15.8 11.7 11.2 

L. monocytogenes Scott A 4.1 20.7 3.2 22.7 
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Figure A3.2. Fluorescence microscope analysis to study the effect of plantaricin A extract                       

(400 AU/mL) from L. plantarum strains on mucin-adhered target bacteria. Scale bar for the 

images is 200 µm. 
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Figure A4.1. Dot plots from FCM analysis to study adhesion of native L. plantarum strains 

onto HT-29 cells. (A) and (B) L. plantarum CRA21, (C) and (D) L. plantarum CRA38,                                                   

(E) and (F) L. plantarum CRA49, (G) and (H) L. plantarum CRA52.  
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Figure A4.2. Dot plots from FCM analysis to study adhesion of standard L. plantarum strains 

onto HT-29 cells. (A) and (B) L. plantarum MTCC 1325, (C) and (D) L. plantarum MTCC 

1407, (E) and (F) L. plantarum MTCC 1746, (G) and (H) L. plantarum NCIM 2592.  
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Figure A4.3. Dot plots from FCM analysis to study adhesion of L. monocytogenes Scott A. 
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Figure A4.4. Quadrant plots for dual-color FCM based adhesion assay on HT-29 cells. (A), (B) 

and (C) represents exclusion mode of adhesion inhibition, and (D), (E) and (F) represents 

competition mode of adhesion inhibition and (G), (H) and (I) represent displacement mode of 

adhesion inhibition of 4.0 log10 CFU/mL, 6.0 log10 CFU/mL, and 8.0 log10 CFU/mL of                       

S. aureus MTCC 740, respectively, by L. plantarum DF9.  
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Figure A4.5. Change in adhesion process parameters of S. aureus MTCC 740 imparted by 

LAB strains. (A) and (B) exclusion mode of adhesion inhibition, (C) and (D) competition mode 

of adhesion inhibition and (E) and (F) displacement mode of adhesion inhibition.                                

1. L. plantarum DF9, 2. L. plantarum CRA21, 3. L. plantarum CRA38, 4. L. plantarum 

CRA49, 5. L. plantarum CRA52, 6. L. rhamnosus GG, 7. L. plantarum MTCC 1325,                      

8. L. plantarum MTCC 1407, 9. L. plantarum MTCC 1746, 10. L. plantarum NCIM 2592.  
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Table A4.1. Factors derived from principal component analysis for changes in parameters of 
adhesion inhibition process of E. faecalis MTCC 439 and S. aureus MTCC 740.  
 

Strain Component 

1 2 3 

L. plantarum DF9 0.956 0.087 0.021 

L. plantarum CRA21 0.027 0.070 0.967 

L. plantarum CRA38 0.878 -0.025 0.176 

L. plantarum CRA49 0.309 0.720 0.564 

L. plantarum CRA52 0.067 0.962 -0.087 

L. rhamnosus GG 0.919 0.223 0.050 

L. plantarum MTCC 1325 0.150 0.905 0.361 

L. plantarum MTCC 1407 0.725 0.326 0.398 

L. plantarum MTCC 1746 0.367 0.308 0.751 

L. plantarum NCIM 2592 0.100 0.099 0.954 
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Figure A6.1. Change in adhesion process parameters of S. aureus MTCC 96 in (A-B) collagen-

coated wells and (C-D) mucin-coated wells respectively. 1. L. plantarum DF9, 2. L. rhamnosus 

GG, 3. Pediocin, 4. Ped-MNC, 5. L. plantarum DF9 and pediocin, 6. L. rhamnosus GG and 

pediocin, 7. L. plantarum DF9 and Ped-MNC, 8. L. rhamnosus GG and Ped-MNC. 

 
 

TH-2159_126106018



Appendix            
 

228 
 

 
 
Figure A6.2. Viability of S. aureus MTCC 740 adhered onto HT-29 cells. 
 
 
 
 
 

 
 
Figure A6.3. Dual color FCM-based adhesion assay to ascertain the effect of different test 

samples on adhesion of S. aureus MTCC 740 onto HT-29 cells. (A) L. plantarum DF9,                   

(B) L. plantarum DF9 and Ped-MNC, (C) L. plantarum DF9 and pediocin. 
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Table A6.1. Factors derived from principal component analysis for changes in parameters of 
adhesion inhibition process of pre-adhered cells of E. faecalis MTCC 439 and S. aureus MTCC 
740.  
 

Test sample Component 

1 2 3 

L. plantarum DF9 -0.023 0.932 -0.359 

L. rhamnosus GG 0.028 0.906 -0.418 

Pediocin -0.042 -0.504 0.859 

Ped-MNC -0.113 -0.458 0.873 

L. plantarum DF9 and pediocin 0.973 -0.137 0.166 

L. rhamnosus GG and pediocin 0.996 -0.060 0.050 

L. plantarum DF9 and Ped-MNC 0.975 0.101 -0.193 

L. rhamnosus GG and Ped-MNC 0.934 0.174 0.300 
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