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CHAPTER2 

Characterization of EPS component of biofilm 

2.1. Introduction 

2.1.1.Bacterial extracellular polymeric substance (EPS) involved in biofilm formation 

EPS is considered as a major structural component of biofilm and is known to influence the microbial 

biofi!m formation process (Branda eta!., 2005; Flemming et aL 2007). It plays an important role in the 

more developed stages of cell attachment processes, also known as irreversible adhesion phase. In the 

adhesion phase, the production of EPS occurs more extensively. The interaction between the 

is made stronger the molecules and thus determines the formation of cell 

id 1995; el aL, 2001; Branda et aL, 2005). The 

EPS and 

(Sutherland, 2001 depending on the microorganisrn 

within the biofilm. Microbial EPS are generally composed of glycoprotein, polysaccharide, protein, 

and & Sutherland, 200 l; Branda et ai., 

2005). Among components of EPS, the extracellular proteins play a beneficial role in the 

microbial colonization and attachment process on different solid surfaces (Costcrton et al., 1995; Neu, 

1996). During the biofilm formation a conditioning layer is formed on the solid surface. These are made 

of proteins and other organic compounds derived from the media. EPS proteins may interact with the 

protein layer formed on the solid surface and thus initiate the primary adhesion process. In situ secretion 

of extracellular proteins has also been observed during the advanced stages of microbial attachment 

process. This enhances the attachment process by anchoring the cells on the surface (Cabanes et al., 

2002; Martinelli et al., 2002). The basic interaction involved in the attachment process via EPS proteins 

involve various forces such as van der Waals interactions, electrostatic forces and hydrophobicity of 

surfaces (Dunne, 2002; Bos et al., 1999). The literature shows clear evidence that the biosynthesis of 

extracellular proteins play a significant role in the microbial adhesion process. Dallo et al. (20 1 0) 

observed that the mutant of Acinetobacter baumannii deficient in production of the biofilm related 

proteins, exhibited deficiencies in the formation of biofilms. Gaddy and Actis (2009) reported that pili 

assembly and production of the Bap surface-adhesion protein in A. baumannii plays an important role in 

the biofilm initiation and maturation after initial attachment to abiotic surfaces. In some species of 

Acinetohacter, adhesion to hydrocarbon proceeds via proteins (Thornley, 1974; Hanson, 1994). 
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The polysaccharide component of EPS is believed to have adhesive nature. These extracellular 

polysaccharides are shown to play important role in the biofilm formation process on the solid surfaces. 

Allison and Sutherland (1987) first showed that in fresh water bacteria, extracellular polysaccharide 

production is involved iri the development of surface films. Chen and Stewart (2002) proposed the role 

of extracellular polysaccharide in both adhesion and cohesion interactions and thus play a vital role in 

maintaining structural integrity of biofilm. It is well known that the content of polysaccharides in many 

microbial biofilms is at least fivefold higher than extracellular proteins (Liu and Tay, 2001 ). Some 

investigators also suggested the role of extracellular polysaccharides in promoting the preconditioning of 

the surface, leading to more favorable adhesion (Oiiviera, 1992). Biosynthesis of extracellular 

polysaccharide component generally occurs on the cell membrane (Vanhooren and Vandamme, 1998). 

For this. the precursors, nucleoside diphophate mono-sugars (UDP-sugars), are synthesized in the 

then assembled in the periplasmic space different glycosyi transferases. Some other 

enzymes at the membrane surface polymerize the macromolecules forming extruding 

polysaccharides (Kumar et al., 2007; Sutherland, 1990). 

polysaccharides are composed homopo!ysaccharides or heteropoiysaccharides 

(Monsan et al., 2001; De Vuyst and Degeest, ! 999). The homopolysaccharides are generally made of 

only one monosaccharide D-glucose or L-fructose. A number bacteria produce 

heteropolysaccharide. These molecules are formed from repeating unites of monosaccharides such as: 

D-glucose, D-galactose, L-tructose, L-rhamnose, D-g!ucuronic acid, L-guluronic acid and D

mannuronic acid. In the genus Acinetobacter, three of its species, namely radioresistens KA53, A. 

calcoaceticus, and A. venetianus were earlier reported to produce EPS with emulsifier activity and are 

made up of heteropolysaccharides. The major sugar components of the EPS (also known as RAG-1 

emulsan) from A. calcoaceticus and A. venetianus were f)-galactosamine, L-galactosamine uronic acid, 

and a diamino, 2-deoxy N-acetylglucosamine (Bach et al., 2003), while BD-4 emulsan, a 

heptasaccharide repeat, produced by a strain of A. calcoaceticus contained L-rhamnose, D-glucose, D

glucuronic acid, and D-mannose in molar ratios of 4:1:1: 1 (Kaplan et al., 1987) 

Extracellular DNA, released by the autolysis, has recently been described as one of the structural 

components of microbial biofilm (Aim et al., 2006; Allesen-Holm eta!., 2006; Petersen eta!., 2005; Qin 

et al., 2007; Steinberger and Holden, 2005). They have been shown to have an adhesive nature (Vilain et 

al., 2009) and are involved in the initial establishment of biofilm by P. aeruginosa (Whitchurch eta!., 

2002). In some strains of P. aeruginosa, extracellular DNA has been found to act as cell-to-cell 

interconnecting compound (Whitchurch et al., 2002; Nemoto et al., 2003). The structural function of 

DNA in biotilm has been projected as their involvement in the cross-bridging (Liu et al., 2008). The 
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extracellular DNA m mature biofilm has been known to be involved in horizontal gene transfer of 

naturally competent bacteria (Jefferson, 2004). Various other authors have shown that biofilm provides 

an optimal environment for the transformation based gene transfer (Li et al., 2001; Wang et aL, 2002; 

Hendrickx et al., 2003). 

2.1.2. Factors influencing EPS production 

2.1.2.1. Nutrient content 

Nutrient levels have a significant effect on EPS production and composition. Medium with excess 

carbohydrate such as glucose has been shown to increase the production of EPS (Fleming 

Wingender, 200 J ). A variety of nitrogen sources including ammonium, nitrate, nitrite, and amino acids 

can be uti! for EPS synthesis by microorganisms (Sutherland, i 990; Amarger, 2001; Noel, 2009). 

Among these, ammonium salts and amino acids are the most common (Sutherland, 1990). The amount 

are to nitrogen substrate utilized (Datta and Basu, 1999; 

Degeest content influences the EPS 

production (Sleytr, !997). limited nitrogen in the medium, 60% ofthe glucose was converted into 

exopolysaccharides some species Aureobasidium, Sinorhizobium, Escherichia and Pseudomonas 

(Sutherland, L et 1999). The high nitrogen content in the medium induces extracellular 

protein production by microbial cells. Sanin et al.(2003) reported an increase in the production of 

exogenous proteins in Pseudomonas 

ammonium salts. 

2.1.2.2. Growth phase 

and Rhodococcus sp. cells grmvn in medium containing high 

The production of EPS at the particular growth phase is a feature of particular bacterial genera. In some 

strains of Pseudomonas aeruginosa and Staphylococcus epidermidis, the production of EPS has been 

observed during late logarithmic and early stationary phase of grov-1:h (Sutherland, 2001; Evans et al., 

1994). In many bacterial species, growth and exopolysaccharide production occur concurrently, with 

EPS biosynthesis being growth associated (Datta and Basu, 1999; De Vuyst et al., 1998; Bryan et al., 

1986; van den Berg et al., 1995). The optimum time for maximum EPS production varies with bacterial 

species. In some species maximum EPS production occurs in the exponential phase (Bramhachari and 

Dubey, 2006; Macedo et al., 2002a; van de Berg et a!., 1995), while in others, EPS production is 

maximized in the stationary phase (Datta and Basu, 1999; Petry et al., 2000; Wilkinson et al., 1955; 

Williams and Wimpenny, 1977). 
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2.1.2.3. pH of the Culture Medium 

The pH value of the culture medium has a profound effect on the EPS production. This parameter 

determines the metabolic changes and growth of the cells. Studies have shown that the extremes of pH 

of the medium (pH 2.0-3.0 or pH 1 0) resulted in inhibition of microbial growth as well as the 

biosynthesis of extracellular polymers (Stredansky and Conti, 1999; Lindsay et al., 2000). In Antrodia 

camphorate; the pH of the medium was found to have stimulatory effect on EPS production. Shu and 

lung (2004) reported the maximum EPS production in Antrodia camphorates at pH 5.0. They also 

proposed that the pH profiles of the culture medium also influence molecular mass of the EPS 

compounds. 

2.1.2.4. Cultivation Temperature 

The effect the cultivation temperature on the EPS biosynthesis has been investigated by many 

authors. In general, the optimal cultivation temperature for the production of the majority of EPS 

molecules was projected between 26 and 31 oc (Lory, ! 992; Gandhi et al., !997). Howevec in certain 

cases temperature was found to more favorable EPS production as reported in Listeria. 

Briandet et a!. ( 1999) observed that in Listeria monocytogenes cells, a cultivation temperature of l 0 oc 

induces the production of extracellular cold shock protein . 

. 3. Methods used for characterization EPS (separation and analytical methods) 

2.1.3.1. Separation r~lEPS 

The major portion of a biofilm is contributed by water, the microbial cells, EPS, and organic particles. 

Therefore EPS must be separated from the rest of the components. For an ideal separation method, it is 

important to go for a method which will result in minimal eel! lysis and no disruption or alteration of the 

extracellular polymer. Principally, the separation method must be selected for each case, considering the 

specific needs and constraints. Primarily, most of the regular separation techniques, for isolating 

components of the biotilm, used by various authors include extraction, derivatization, field flow 

fractionation, chromatography, and electrophoresis. Extraction being the most commonly applied 

techniques, used for the separation ofEPS from the biofilm, has been discussed here. 

2.1.3.2.1J.fethods of Extracting EPS 

Several physical, chemical or combined methods have been proposed to extract EPS from cells from 

different sources (e.g. biofilm, sludge and cell suspension) such as the high-speed centrifugation, 

heating, ultrasonication. Physical extraction includes centrifugation, ultrasonication and heating, 

54 



Chapter 2 

whereas common chemical extraction includes uses ofNaOH, ethylenediamine tetraacetic acid (EDTA) 

and cation exchange resin. 

2.1.3.2.1. Physical Methods 

Physical methods of EPS extraction involves the application of centrifugation, mixing or shaking, 

sonication, or heat treatment. These methods rely on the use of shear force to extract EPS from the 

biofilm. Brown and Lester (1980) used high speed centrifugation as an effective method for EPS 

extraction from Klebsiella aerogenes. However, for the extraction of bound EPS from microbial 

aggregates from natural systems, the method of centrifugation does not provide any fruitful extraction, 

as the components are usually strongly bounded (e.g., Novak and Haugan 1981; Frolund et al., 1996). 

Centrifugation is often used to separate loosely bound such as the soluble (slime) EPS fraction from cell 

biomass et 1992; Hebbar et al., 1992). Centrifugation is, however, always used after any 

to cell and other particles. studies, 

treatment at or for ! h. has been used, sometimes combined 

shaking. 

2.1.3.2.2. Chemical Methods 

The chemical separation method includes addition of various chemicals to the bacterial sample that can 

break different linkages in the EPS matrix, litating the release EPS. Alkaline treatment, by 

addition of NaOH, causes ionization of many charged groups, such as carboxylic groups in proteins and 

polysaccharides. This results in a strong repulsion between EPS and provides a higher water solubility of 

the molecules. Alkal inc treatment also results in hydrolysis (Hancock 

1988) along with the breakdovvn of covalent disulfide bindings ns 

promoting an extraction of these compounds. Usually l-9 N NaOH are used to pH 

repulsion among the components in the EPS matrix and the water solubility can also be increase by an 

exchange of divalent cations with monovalent ions. The divalent cations, mainly Ca2
+ and Mg2

+, are 

very important for the cross-linking of charged compounds in the EPS matrix and by removing these, 

the EPS matrix tends to fall apart. The divalent cations can be removed by using a resin, e.g., Dowex or 

by using a metal chelator such as EDT A. There are however, some problems in using EDT A. It can 

remove divalent cations fi·om the ceil wall, leading to destabilization of celi wall and release of 

components such as LPS (Johnson and Perry, 1976) and possibly also gets contaminated with cellular 

macromolecules. It may also interfere in the process of quantification of protein. Another way to carry 

out cation exchange is by using a high concentration of NaCI. It has been used for 

exopolymers from Pseudomonas (May and Chakrabarty, 1994: Christensen et al., 1985) 
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Table 2.1: Methods commonly used for the EPS extraction 

Physical methods 

Methods Mechanism 

Sonication The EPS loosen out from the matrix and get removed under 

sudden pressure created by sonication. 

Centrifugation The EPS detaches from cell surface and come to solution under 

centrifugal force. 

Reference 

J orand et al., 1995 

Fang and Jia, 1996 

'--- ·--------------------· '------

Chemical methods 
~ods j! Mechanism ·----·----------------------------- Reference 

I NaOH treatment -- --- Alkaline treatment by the addition of NaOH causes the Sheng et a!., 2005 

I

I 

1 I ionization of groups, such as the carboxylic groups, resulting in I 
1 

I a strong repulsion between the EPS and the cells, and thus I 
. I makes the_ EPS dissolve in water. 1 --------

1 Divalent cations play an important role in binding or cross- \ Sheng eta!., 2005: EDTA 

--

--

jlinking of charged groups in the EPS matrix, and thus removal I Bhaskar and Bhosle. 

I
I of these cations using EDTA causes the EPS matrix to break \2006 J 
~~- I 

I

L_AcidiC treat-.r;el1t---+-:-,l;creases th~-;:~j)tdsi~ for~ebetwe-~~1EPS ancf~ell~causing rshe;g et al., 2005 " Jt 

1 the EPS to fall away from the cell surface. I 

I 

Ethm.oi-Oxtmoiloo --t Eth,ool '"""""' '''"'" In the den,tomHon of EPS loading to . """'" ood Cbcke.l 
___ ---~ ________ J~~e weakeni:~ of ~inding force between EPS and cells. 1983 

r Crown ether I Crown ether binds to divalent metals and thus disrupts the Wuertz eta!., 2001 I 
~ binding interaction between EPS and cells. 

---e~~tra~tio~- I The c:rbohydrate and protein-hydrolyzing enzymes were used-- Sesay et al-:-,-:;2006----j 

I to disrupt the structure of sludge and dissolve the EPS. j 
._ ______________ _j _____________________ ._ ____________________ ._._ --------------- ________ _j ____ ------------·------.----------

2.1.3.3. Analytical methods for determining the constituents of EPS 

2.1.3.3.1. Colorimetric analyses 

It is well known that the chemical composition of EPS is very complex and reported to contain proteins, 

carbohydrates, nucleic acids, lipids, humic substances etc. Colorimetric analyses can be used to quantify 

these components in EPS. The carbohydrate content is usually measured by the phenol-sulfuric acid 

method or the anthrone method. The protein content can be quantified by using Lowry method, Bradford 

method, or total N-content method. The uronic acid content of the EPS can be measured by using 
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carbazole-sulfuric acid reaction. For quantification of nucleic acid content of the EPS, various methods 

have been used such as DAPI fluorescence method (Frolund et al., 1996), diphenylamine method (Liu 

and Fang, 2002), or the UV absorbance method (Boonaert eta!., 2001; Sheng eta!., 2005). 

2.1.3.3.2. Fourier transform infrared spectroscopy (FTIR) 

Infrared spectroscopy is a technique that measures the bond vibration frequencies in a molecule and can 

provide unique insights into the chemistry of functional group within a molecule (Smith, 2011 ). The 

technique is relatively simple, reproducible, nondestructive, and only small amounts of materiai 

(micrograms to nanograms) with a minimum sample preparation are required. FTIR peaks are in many 

cases can be associated with the vibration of a particular chemical bond (or a single functional group) in 

the molecule (Kang et a!., 2003; Hofman et a!., 2006). Due to the ability of infrared spectroscopy to 

identify the types and number of different chemical functional groups hydroxyl, carboxy!, amino 

etc. present at a surface in a nondestructive manner, it has been widely used in the field of chemistry 

investigators have used FT!R technique the determ functional groups m 

EPS (Edward eta!.. ! l; Bragadeeswaran et ll; Wang et aL. 2009; Baker et al., 201 Sheng et 

, 2005; Singh et al.,201l). 

2.1.3.3.3. GC-lvJS 

Gas Chromatography Chromatography-Mass Spectrometry are most 

methods for the analysis of complex carbohydrates, lipids and other natural products. Gas 

chromatography is extensively used to study the monosaccharide composition of EPS. Complete 

analysis involves the identific<Jtion and quantification of constituent sugars in a 

molecule, as \-Vel! as the identification of glycosidic linkages that connect the sugars. 

In order to determine the composition of a it is first broken dovvn 

constituent sugar by acid hydrolysis, and then corresponding alditol acetates are produced during 

dervatization step, followed by quantification through GC. To determine the positions of the glycosidic 

linkages between constituent sugars, polysaccharides are first permethylated, and then converted to 

partially methylated alditol acetates. Analysis of the alditol acetates by GC-MS allows the types of 

sugars and their glycosidic linkages to be determined. 

2.1.3.3.4. Scanning electron microscopy 

Scanning electron microscopy (SEM) is commonly used for studying the surface morphology of cells 

and other biomaterials. The technique makes use of a primary beam of electrons that interact with the 

specimen of interest, in a vacuum environment resulting in different types of electrons being emitted. 
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The secondary electrons ejected from the specimen surface are collected and displayed to provide a 

high-resolution micrograph. SEM sample preparation involves fixation (if proteins, cells, or tissue are 

present), followed by drying, attachment to a metallic stub, and then coating with a metal prior to data 

collection. In addition to imaging the surface morphology of polymeric biomaterials, the SEM can be 

combined with other analytical methods such as energy dispersive X-ray analysis (EDX) to determine 

elemental distribution and composition (Sodhi, 1996). 

2.1.3.3.5. Energv Dispersive X-ray Spectroscopy (EDS) 

Vie\ving 30 images of microscopic areas only solves half the problem in an analysis. It is sometime 

necessary to identify the different elements associated with a specimen. This can be done using the 

"bui !t-in" spectrometer called an Energy Dispersive X-ray Spectrometer (EDS). EDS utilizes X-rays that 

are 

composition 

when bombarded by the electron beam to identify the elemental 

the spec1men. When the sample is bombarded by the electron beam of the SEM, 

atoms on specimen's surface. A resulting electron vacancy is filled by 

an from a higher shelL and an is emitted to balance the energy ditlerence between the 

two electrons. The EDS X--ray detector measures the number of emitted X-rays versus their energy. The 

\S 

energy versus relative counts 

the element from which the X-ray was emitted. A spectrum 

the detected X-rays is obtained and evaluated for qualitative and 

determinations of the elements present in the specimen. 

2.1.3.3.6. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a type of testing performed on 

samples that measures the weight loss of a materia! as a function of temperature in a controlled 

atmosphere (Gooch, 201 0). TGA is commonly employed research and testing to determine the 

characteristics such as degradation temperature and moisture content of polymer materials including 

EPS (Mishra et al., 2011; Singh eta!., 2011 ). Analysis is carried out by increasing the temperature of the 

sample gradually and plotting weight (%) against temperature. Measurements are used primarily to 

determine the composition of polymers and to predict their thermal stability at temperatures up to 1000 

oc. 
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2.1.3.3.7. Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry measures the dissimilarity m heat flow between a sample and a 

reference as the material is heated or cooled. DSC instrument convert temperature differences into a 

measurement of the energy per unit mass related with the phase change that caused the temperature 

differences to arise. Any alteration in a material that involves a change in the heat content of the material 

can be detected and measured by DSC. 

These measurements provide quantitative and qualitative information about physical and 

chemical changes that involve endothermic or exothermic processes, or differences in heat capacity. A 

primary use of DSC in polymer analysis is the detection and quantification of the crystalline melting 

process. Since the crystalline state in a polymer is influenced by inherent properties such as molecular 

weight distribution and the subsequent environmental treatment, this property is of considerable 

importance. 

Many polymers are unable to crystallize under normal condition and even semi-crystalline 

contain a ficant amount of material that remains the amorphous state. Without erystals 

can no do undergo an important phase change 

knovvn as the glass transition. The glass transition is defined as the beginning of conjugated main chain 

motion, a phenomenon where extended sections of individual chains become capable of independent 

amorphous polymers the glass transition indicates the softening of polymer. DSC detects the 

glass transition as a step change in the heat capacity of the polymer. 

Degradation is a catastrophic event and involves irreversible modification that can reduce the 

performance of a material. In semi-crystalline materials degradation can be detected by DSC as decrease 

in the melting and re-crystallization temperatures as well as the energy ofthese reactions. 
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2.2. Materials and Methods 

2.2.1. EPS extraction 

For EPS extraction, BB lA was grown at 30 oc for 48 h in Brain Heart infusion (BHI) (calf brain 

infusion from, 200 g/ I; beef heart infusion from, 250 g/ I; proteose peptone, 10 g/ I; glucose, 2 g/ I; 

NaCI, 5 g/ l; and Na2HP04, 2.5 g/ I; pH 7.4 ± 0.2). The optimum growth temperature and medium, 

promoting maximum biofilm formation was selected on the basis of experiments described in chapter 1. 

EPS was extracted using different methods described in literature and was compared to select an optimal 

method with maximum EPS extraction. Prior to extraction, culture broth was homogenized by vortexing 

for 5 min in a 50 ml centrifuge tube. The different extraction methods used in this study are as follow: 

I. Centrifugation: Culture broth was centrifuged at l 0,000 x g for 20 min at 4 oc to pellet out the 

cells. Cell-free supernatant was collected. 

2. Sonication (Dignac et al., 1998): 20 ml culture broth was kept on ice bath and sonicated thrice at 

40W for I 5 sec with a time interval of l 0 sec. The sonication \vas done by an ultrasound 

generator (Utrasonic-Homogenizer, LABSONIC, Germany). 

3. Heating (Zhang et aL 1999): Culture broth was heated for l 0 min at 80 °C. 

Formaldehyde and heating and Fang, 2002): 0.06 ml of f(Jrmaldehyde was added to 

10 ml culture broth and kept at 4 oc for lh. 

5. NaOH and heating (McSwain et Culture broth was adjusted to ll usmg 

NaOH and heated to a temperature of 80 oc for 30 min. 

6. EDTA (Liu and Fang 2002): 2% EDTA was added to the culture broth and kept for 3 hat 4 

oc. 
Except centrifugation method, all other treated culture broth was centrifuged at l 0,000 x g for 20 

mm at 4 and finally supernatant from all treatments was collected separately. EPS from the 

supernatant was then precipitated by adding double volume of ice cold ethanol (95%). The precipitate 

was collected and re-dissolved in water and dialyzed through cellulose membrane (Sigma-Aldrich, 

retaining MW > 12,400 Da) overnight against water. The dialyzed material now known as purified EPS 

was then lyophilized and stored at 4 °C. EPS extractions yield was then determined by taking the dried 

weight of purified EPS. Simultaneously total carbohydrate and protein in the EPS was estimated. Cell 

lysis during EPS extraction was evaluated by measuring nucleic acid content. EPS extractions were 

performed twice and results are reported as mean value± standard deviation. 
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40 ml culture broth 

Centrifugation Sonication Heating Formaldehyde lMNaOH 2%EDTA 
80°C, 10 and 80 °C, 30 min 4 °C, 3 h 

min heating 

t t t • • [ Centrifugation: 10,000 g, 4 °C, 20 min 

------,.-------,..--. -- + 
.--------------------

EPS Precipitation by adding double volume of ice cold ethanol 

Lyophilization 

Dry weight measurement and chemical analysis of EPS 

Fig. 2.1: General flow scheme ofthe methods used in the extraction ofEPS 

2.2.2. Extraction of PNAG (poly-P-(1-6)-N-acetylglucosamine) and determination lV~~ 

acetylglucosamine 

PNAG was extracted from the BBJA by the method described by Choi et al (2009). Cells were 

in 1000 ml (250 m! x 4) LB broth containing 1 %glucose and incubated for 24 h at 30 oc. Cells 'vvere 

then sedimented by centrifugation at 9000 x g for 15 and suspended in 20 ml 

mM Tris-HCI, 5 mM EDTA buffer (pH 8.0) and lysozyme (80 mg). The cell was 

incubated at room temperature for 30 min. It was then mixed with DNase I mg) and RNase A 

mg), and the mixture was incubated again at room temperature for another l hand then at 37 oc for 2 h. 

Cells were then removed by centrifugation and the supernatant was precipitated with 3 volumes 

ethanoL The insoluble material was collected by centrifugation at 9000 x g for 15 min and was 

suspended in water, dialyzed overnight against water, and freeze-dried. N-acetylglucosamine was 

colorimetrically detected in the extract by a modification of the Elson and Morgan method (Reissig et 

al., 1955). This modified method rules out the interferences caused by the presence of sugars and amino 

acids. by incorporating concentrated borate buffer instead ofthe original carbonate buffer. 
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Determination ofN-acetylglucosamine by Elson and Morgan method (modified method) 

Reagents 

l. Potassium tetraborate (K2B40 7.4H20): 0.8 M solution (24.4 g in 100 ml of distilled water) was 

prepared and the pH was adjusted to 9.1 with 1M KOH I HCl. 

2. Ehrlich reagent: 530 mg N, N-dimethyl-p-aminobenzaldehyde, 20 ml ethanol, 15 ml concentrated 

hydrochloric acid. 

3. Standard N-acetyl-0-glucosamine solution. Stock solution was prepared by dissolving 100 mg N

acetyl-0-glucosamine in 100 ml of water. For working standard !0 ml of stock solution \Vas 

to l 00 ml with distilled water (0.1 mg/ml or 100 microgram/ml). 

Procedure 

l. 0. 0. 0.08, 0. L 0. 12, 0. l 0.16, 0. J 8 and 0.2 ml of the standard N-acetyl-0- glucosamine 

solution was taken into a series of test tubes and distilled water was added in each tube to get a final 

ume preparing standard curve. For testing the sample, 0. I, 0.15 and 0.2 ml test 

sample (0. l mg/ml) was taken. 

2. Blank was kept by taking Iml distilled water in a separate test tube. 

3. all test tubes, I 0.8 potassium tetraborate solution was added and the tubes were 

heated boiling \Vater for I 0 min. 

4. The tubes are cooled down in ice water and then 3 ml of Ehrlich reagent was added. 

5. The absorbance of the red color produced was measured at 585 nm. Concentration of N-acetyl-0-

glucosamine in the test sample was calculated fl·om the standard curve. 

Time course of EPS production 

EPS production by A. junii BB lA was studied in BHl media [BHI promotes max1mum biofilm 

formation compared to LB or TSB (as discussed in chapter 1)]. The optimum temperature for incubation 

was selected from the previous results as discussed in chapter l. Briefly, BB 1 A was pre-cultured in a 

250 ml Erlenmeyer flask containing 50 ml of medium at 30 oc until the culture reached late log phase 

(ODr,oo of 0.5). 1 ml of the late log phase culture was then transferred into another 250 ml Erlenmeyer 

flask containing l 00 ml of medium and incubated at 30 oc under static condition for 6 days. Samples 

were taken at every 24 h interval to measure growth in terms of 00 at 600 nm (0060o) and EPS yield. 

EPS was harvested from the culture broth by the optimal extraction method as described above. 
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2.2.4. Effect of pH and temperature on EPS production 

The effect of different pH on EPS production was investigated by growing BB 1 A in BHI medium 

adjusted to different pH (pH 4, 5, 6, 7, 8, and 9) using buffer systems. Temperature was kept constant at 

30 oc. To investigate the effect of temperature, BB lA was grown in BHI broth at 20, 30, 37 and 42 oc 
with the medium pH 7. After an optimum period of incubation (time for maximum EPS production), 

both growth (measured as absorbance at 600 nm) and EPS yield (determined as dry weight of EPS, 

extracted by the optimal method as described in 2.2.1.) was determined. 

2.2.5. Effect of Nutrient on EPS production 

To investigate the effect of nutrients on EPS production, several a.s carbon and nitrogen source 

\Vere tested. The strain BB J A was cultured in 50 ml of Luria Bertani (LB) (peptone, 10 g/1: yeast 

5 l 0 7 as basal and incubated at optimal temperature 

and time (as optimized for maximum EPS production). To investigate the effect of carbon and nitrogen 

sources on production, l% each of carbon and nitrogen sources were provided, instead of carbon 

and nitrogen sources in medium. Carbon sources tested \Vere glucose, galactose, sucrose, raffinose, 

arabinose and lactose. Peptone, beef extract, yeast extract, NH4N03• NaN03, and NH4Cl, were used as 

the nitrogen sources. study glucose and extract was used as carbon and nitrogen 

source respectively. J% extract was used while the amount of glucose was varied to attain the 

desired ratio. Stock solutions of difterent sugars were filter-sterilized and aseptically added in 

desired amount to the sterile medium before inoculation. The medium was inoculated with 1% (v/v) 

overnight grown culture. Prior to inoculation, cell pellet was harvested from 10 ml overnight grown 

culture in LB media. The ceil pellet V\as washed twice with phosphate buffer saline (pH 7.4±0.2) andre

suspended in I Om! of the same buffer; this was then used as inoculum. EPS yield (g/1) and growth was 

determined after an optimal period of incubation as determined in the section 2.2.2. To determine the 

ef1ect of phosphate, Na2HP04 at a concentration of2-l0g/l was added in LB media. 
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2.2.6. Physico-chemical analysis of EPS 

2.2.6.1. Determination of chemical components of EPS 

Purified (dialyzed) EPS was analyzed for a-amino acids and aromatic amino acids by the Ninhydrin 

reaction and Xanthoproteic reaction, respectively (Plummer, 1987). Total carbohydrate, Neutral sugar, 

uronic acids and amino sugar were determined by the anthrone reaction (Plummer, 1987), phenol

sulfuric acid reaction (Dubois et al., 1956), carbazole-sulfuric acid method (as modified by Healy et al., 

1997) and Elson-Morgan reaction respectively (Fournier, 2001 ). The protein content of the EPS was 

determined according to the method described by Bradford (1976) with BSA as standard. Nucleic acid 

content in the EPS was determined according to Boonaert et al. (200 1 ), using a UV -visible 

spectrophotometer (Varian, Agilant technologies, Germany). 

Ninhydrin reaction for alpha amino acid 

ndene originally reacts 

pH 4 and 8 to give a dark blue or purple colored compound. Amino on heating, are 

oxidatively decarboxylated and release ammonia, carbon dioxide and aldehyde. One molecule each of 

n and ninhydrin [hydroxydiketohydrindene(V!I reacts ammoma 

and gives a blue coloured complex [Ruheman's purple (VII)] (Fig.2.2). 

0 0 

OH 
H 

!· R-c COOn--.+ 

NH2 

0 
(l) 

(I!) 

q 
0 

OH H 
1- NH

3 
1-

0 0 

(II) (VIIl) 
(VII) 

Fig. 2.2: Ninhydrin reaction with alpha amino acid. (II) Ninhydrin, (I) Alpha amino acid, (VIII) 

Hydroxydiketohydrindene, (VII) Ruheman's purple. (Bottom et al., 2010) 
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Reagents 

1. Acetate buffer (pH 5.5) 

2. Ethanol (50%) 

3. Methy cellosolve (ethylene glycol monoethyl ether) 

4. Ninhydrin reagent: 800 mg of ninhydrin and 120 mg of hydrindantin was dissolved in 30ml of 

methyl cellosolve and 10 ml of acetate buffer was then added. 

5. Stock standard amino-acid solution: A 10 mg/1 00 ml glycine-N solution was prepared by 

dissolving 536 mg of reagent grade glycine in 1000 ml of distilled water. From this standard, 

working solutions containing 5.0 mg/100 ml glycine-N was made by diluting with distilled 

water. 

Procedure 

1. Sample preparation: In a boiling tube 100 mg of dried EPS was mixed with 5 ml of 2.5 N 

liCl. It is then hydrolyzed by keeping it in a boiling water bath for three hours. The 

hydrolyzed sample (cooled to room temperature) was neutralized with solid sodium carbonate 

until the effervescence ceases. Distilled water was then added to make a final volume of 50 ml 

centrifuged. The clear supernatant was collected and assayed for amino acid. 

2. Varying concentration (0.1, 0.2, 0.3, 0.4, 0.5, 0.6 ml) of the working amino acid solution 

(containing 0.05mg/ml glycine-N) was pipette into labeled test tubes; the volume was made 

up to l ml by the addition of acetate buffer. 

3. For the EPS sample, 0.1 ml of pretreated EPS sample was added to 0.9ml of the acetate buffer. 

Blank solution was prepared by taking l ml of acetate buffer. 

4. m! ofNinhydrin reagent was then added to all the test tubes. This was made to boil for 15 

. When the solutions were cooled to room temperature, 2 ml of 50% ethanol was added to 

each test tube. The absorbance of the solutions were read at 570 nm after 10 min. Alpha 

amino acid content of the EPS sample was then determined from the calibration curve. 

Xanthoproteic reaction 

Xanthoproteic reaction depends on the presence of aromatic amino acid in protein molecule. On heating 

protein with nitric acid, the aromatic amino gives a yellow color which turns to deep orange upon adding 

ammonia. 
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I. Nitric acid (cone.) 

2. 20% NaOH 

Procedure 

Chapter 2 

3 ml of the EPS solution ( 1 mg/ml) was taken in a test tube and mixed with 1 ml cone. nitric acid. 

It was then boiled and observed for the appearance of yellow color. To confirm, 4-5 drops of 

20% NaOH was added and observed for color change from yellow to deep orange. 

Anthrone method 

fn hot acidic medium carbohydrates are first hydrolyzed into simple sugars and then dehydrated to 

d 

furfural derivative. This compound condense with anthrone ( 1 0-keto-9, l 0 

to a 

nm .. 

Ht>atO· I 
'1 ~l 

' --·~ 
Fig. 2.3: Anthrone reaction with sugar. 

Reagent 

I. Anthrone anthrone was 

fresh). 

can 

n 

ceo 
.J.ntlu one 

in !00 ml 

orimetrically at 

Blmsh ~" tol'n 
{<~hsorh;mfe ;cot 610mn 

Standard glucose: Stock solution was prepared by dissolving 100 mg glucose in 100 

distilled water. Working standard was prepared diluting 10 ml stock solution to 100 ml with 

distilled water. 

Procedure 

1. 0.2, 0.4, 0.6, 0.8 and 1 ml of the working standard was taken into a series of test tubes and 

distilled water was added in each tube to get a final volume of I mi. 

2. For the sample 0.1, 0.2, and 0.3 ml of the EPS solution (1 mg/ml) was taken in separate test 

tube and distilled water was added to get a final volume of 1 mi. 

3. Blank was kept by taking lml distilled water in a separate test tube. 

4. To each tube 4 ml of anthrone reagent was added. 
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5. The tubes are then kept in boiling water bath forlO min. 

6. After 10 min the tubes are cooled rapidly and absorbance was measured at 630 nm. 

7. From the standard curve the amount of carbohydrate present in the sample tube was 

calculated. 

Phenol sulfuric acid method 

Phenol sulfuric acid is a colorimetric method used for the estimation of sugars m 

oligosaccharides, proteoglycans, glycoproteins, and glycolipids. ln hot acidic medium, are 

dehydrated to hydroxymethyl furfural. This forrns a green coiored product with phenol 

absorption maximum at 490 nm. 

Reagents 

l. . Redisti water and diluted to 

100 ml. 

Sulfuric acid 96% reagent grade. 

3. Standard glucose: Stock solution was prepared by dissolving 100 mg gl.ucose in 100 ml of 

\Vater. For standard ! 0 ml of stock solution \Vas diluted to l 00 with distilled 

water. 

Procedure 

l. 0.2, 0.4, 0.6, 0.8 and 1 ml of the working standard was taken into a series of test tubes and 

distilled water was added in each tube to get a final volume of 1 m L 

2. For the sample 0.1. 0.2, and 0.3 ml of the EPS solution (1 mg/ml) was taken in separate test 

tube and distilled water was added to get a final volume of I ml. 

3. Blank was kept by taking I ml distilled water in a separate test tube. 

4. 1 ml ofphenol solution was added to each tube. 

5. Thereafter 5 ml of96% sulphuric acid was added to each tube and mixed. 

6. The tubes are then placed in boiling water bath for 10 min. 

7. After l 0 min the tubes are cooled to room temperature, mixed well and absorbance was 

measured at 490 nm. 

8. The amount of total sugar present in the sample solution was calculated by using the standard 

curve. 
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Carbazole-sulfuric acid method 

Polysaccharide when heated with concentrated sulfuric acid become hydrolyzed and forms various furan 

derivatives such as 5-formyl-2-furancarboxylic acid (Scott, 1979). Carbazole react with the furan 

derivatives and forms red colored product with an absorption maxima at 530 nm. 

Reagents 

1. Borate-sulfuric acid: 3.82 g of sodium borate was dissolved in 10 ml of hot water and 390 ml 

of cold sulfuric acid was added. The reagent was mixed well and stored in refrigerator in a 

glass bottle. 

2. Carbazole reagent: Carbazole (0.2% w/v) was dissolved in absolute ethanol and stored at 4 oc 
in a brown bottle. 

3. Glucuronolactone standard solution: 17.6 mg of D-glucuronolactone was dissolved in 100 ml 

distilled \Vater (final concentration l ~tmol/ml)~ 

Procedure 

0. ' 0.12, 0.1 0.1 18. and ml glucuronolactone 

solution was taken 

a volume 0.5 

a series oftest tubes and distilled water \Vas added in each tube to get 

the sample 0.06, 0.! and 0.18 ml EPS solution (0.1 mg/ml) was 

taken. 

2. Blank was kept by taking ! ml sulfuric acid in a separate test tube 

borate-sulfuric acid reagent \Vas added in each test tube and mixed immediately. 

4. The tubes are then heated in a boiling water bath for 20 min and cooled to 0 oc. 
5. After cooling to 0 °C, 0.1 ml of 0.2% Carbazole reagent was added in each tube and heated 

again for 10 min in a boiling water bath. 

6. After heating, 

measured at 530 nm. 

were cooled dovvn to room temperature and the absorbance was 

Elson-Morgan test for amino sugars 

In the Elson-Morgan method, samples containing N-acetyl- or arnino-sugars are heated with 2, 4-

Pentadione in an alkaline solution to form a chromogen, which produces a purple colored compound 

when reacted with IV, N-dimethyl-p-aminobenzaldehyde (Ehrlich reagent) in an acid solution. This can 

be measured using a spectrophotometer at the appropriate wavelength of 530 nm for amino-sugars, and 

either 544 or 585 nm for N-acetyl-sugars. 
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3. The tubes are then incubated at room temperature for 10 min. 

4. Absorbance of the blue color formed was taken at 625 nm. 

5. Concentration of the protein in the sample was calculated from the standard curve. 

2.2.6.2. Purification and determination of molecular weight of the polysaccharide component of 

EPS 

For purification, the lyophilized EPS sample was dissolved in water and then loaded onto a Sepharose 

6B gel-permeation column (65 x 2 em) and eluted with water at a t1mv rate of 0.24 ml min- 1
• 2 ml each 

of the eluate was collected in test tubes using Redifrac fraction collector and monitored for total 

carbohydrate content using phenol-sulfuric acid method (Dubois et al., 1956). Fraction showing the 

presence of polysaccharide was collected and the average molecuiar weight of polysaccharide was 

determined by gel-chromatographic technique. Standard dextrans T-200 (MW 200000 Da), T-70 (MW 

70000 Da). and T-40 (MW 40000 Da) (purchased from Sigma) were passed through a Sepharose 6B 

elution vvere piotted against the logarithms of their respective molecular 

weights. The elution volume of polysaccharide was then plotted in the same graph. and molecular 

weight of polysaccharide vvas determined. 

2.2.6.3. Monosaccharide analysis 

The purified polysaccharide sample (3 mg) \vas hydrolyzed \Vith 2 M CF3COOH (2 ml) in a round

bottomed tlask at 100 oc for 18 h in a boiling water bath (Bhunia et al., 20 l 0). The excess acid was 

completely removed by co-distillation with water. Then, the hydrolyzed product was reduced with 

NaBH.t (9 mg) followed by acidification with dilute CH~COOH, and then co-distillation with pure 

CH30H to remove excess boric acid. The reduced sugars (alditol) were acetylated with 1:1 pyridine

Ac20 in a boiling water bath fen· I h to give alditiol acetates, which were analyzed by Gas-Liquid . 
Chromatograpy (GLC). A gas-liquid chromatograph Hewlett-Packard model 5730 A was used, with 

flame ionization detector and glass columns (1.8 m x 6 mm) packed with 3 % ECNSS-M (A) on Gas 

Chrom Q (100-120 mesh) and I % OV-225 (B) on Gas Chrom Q (100-120 mesh). All GLC analyzes 

were performed at 170 °C. The monosaccharides were identified by their retention times relative to those 

of standards, and the carbohydrate character of the monosaccharides was authenticated by their mass 

spectra. 
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2.2.6.4. Glycosyllinkage analysis 

For glycosyl linkage analysis, the purified polysaccharide (4 mg) was methylated using a modified 

NaOH method (Ciucanu and Kerek, 1984). 1 mg of EPS sample was dissolved in dimethyl sulfoxide 

(O.l ml), 100 mg NaOH was added and the reaction was stirred rapidly at room temperature for 30 min. 

During the stirring process, methyl iodide (1 0, 10, and 20 f.LI) was sequentially added at 10 min intervals. 

1 ml of 1M sodium thiosulfate was added and the product methylated glycan was recovered by making a 

partition between CHCh and water (5:2, v/v). The organic layer containing product was washed with 

water for several times and dried. The methylated biopolymer was hydrolyzed with 90% HCOOH (l 

mi) at l 00 oc for l h, and excess !-!COOl-! was evaporated by co-distillation with distilled water. The 

hydrolyzed product was then reduced with NaBH4 and acetylated with pyridine and Ac20. The alditol 

acetates of the methylated sugars were analyzed by GC-MS (using ZB-5MS capillary column). Gas-

(GLC--MS) analysis vvas performed on Shimadzu GLC-MS 

Model QP-20 I 0 Plus automatic system, using ZB-5MS capillary column (30 m x 0.25 mm). The 

program was isothermal at 1 hold time 5 min. a temperature gradient of 2 C)C min-1 up to a 

final temperature of 200 "C. 

rier-transform in.fnued (FT -IR) spectroscopy 

The detection major functional groups in the purified EPS was done by Fourier-transform infrared 

-IR) spectroscopy. Pellets of mg EPS were prepared with KBr followed by pressing the 

mixture into a !6 mm diameter mold. The infrared spectrum was recorded on Perkin Elmer spectrum 

GX FT-IR system (Perkin-Elmer, USA) with a resolution of 4 cm- 1 in 4000-450 cm- 1 region under 

ambient conditions (Wang eta!., 2004). 

2.2.6.6.Thermai gravimetric analysis (TGA) and Differential scanning calorimetry (USC) analysis 

TG and DSC analysis of EPSs was carried on Shimadzu DTG-60 and Shimadzu DSC-60 respectively. 

About 5mg of dried sample was used for the TG & DSC analysis. Thermograms for TGA and DSC were 

obtained in the range of 30-400 oc and 27-600 oc respectively under nitrogen atmosphere at rise of l 0 

ac; min. Their representative graphs were plotted with weight loss (%) and heat flow against 

temperature respectively. 
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2.2.6.7. X-ray diffraction analysis 

X-ray diffraction (XRD) was done by using X-ray powder diffractometer (Philips X'pert MPD, The 

Netherlands) using PW3123/00 curved Ni-filtered CuKa (A= 1.54056 A) as described by Singh et al, 

(201 1). The radiation was generated at 40 kV and 30 rnA with liquid nitrogen cooled solid-state 

germanium detector and the measurements were made in different ranges of two-theta angles (4-80°). 

The dried biopolymer sample was mounted on a quartz substrate and intensity peaks of diffracted x-rays 

were continuously recorded with scan speed 2 degree/min while d-spacing appropriate to diffracted X

rays at that value of8 was calculated vvith Bragg's law (Eq. (1)). 

d = A I 2 sin El ( l) 

Where 8 is half of the scattering angle measured from the incident beam. 

Crystallinity index (Clxrd) was calcuiated from the area under crystalline peaks normalized '>Vith 

corresponding to total scattering area i.e. ratio of areas of peaks of crystalline phases to the sum areas of 

crystalline peaks and amorphous profile (Eq. (2)), Ricou et aL, 2005). 

xrd= L !(I +I 

2.2.6.8. Scanning electron microscopy & Energy dispersive X-ray spectroscopy 

Elemental composition of EPS was done using energy dispersive X-ray spectroscopy (EDX; FEI 

Quanta-200 MK2). Morphology of EPS was examined under scanning electron microscope (FEI 

Quanta-200 MK2), coupled with EDX (SEM-EDX) at an accelerating voltage of 20.0 kV by using the 

method described previously (Gauri et al., 2009). 

2.2.6.9.Rheological property, charge determination and solubility of EPS 

For determination of viscosity a 2 % solution of partially purified EPS was prepared in deionized water. 

Measuremel1t was taken in Brookfield Viscometer at 25 oc following standard method (Gauri et a!., 

2009). 

The electric charge of the EPS was determined by precipitation with cetylpyridium chloride 

(CPC) (Scott, 1965). For this, EPS (I 0 mg) was dissolved in 10 ml of 0.05M NaCI. To this 10% CPC 

solution was added until no more precipitate of EPS-CPC complex was formed. 

Solubility pattern of the EPS was examined by taking lOmg of dried EPS sample and suspending 

in different polar and nonpolar organic solvents such as acetone, ethanol, hexane, and petroleum ether 

and slightly acidic and alkaline \Vater separately with continuous stirring. 
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2.3.1. Results 

2.3.1. Extraction of EPS 

Four methods were compared for the extraction of EPS. The results are summarized in Table 2.2. 

Results show that the EPS content was dependent on the extraction method. However the protein and 

nucleic acid content in EPS varies significantly with the extraction method and was in the order: NaOH 

> Formaldehyde and heating > Sonication = Heating> Centrifugation= EDT A. EPS extraction using 

either centrifugation or EDTA with ethanol precipitation resulted minimum cell lysis (as evident 

the nucleic acid content). Because EDT A method is time consuming (more than 3 h) and 

dialysis of the precipitate, therefore in the subsequent experiment, centrifugation 

precipitation was used. 

Table content B B l A by different extraction methods. 

Component Centrifugation EDTA Heating Sonication Formaldehyde NaOH 

and heating 

Total EPS 0.58 0.70 
of culture 
broth) 
EPS composition (in g) 

0.41 0.41 0.44 0.43 0.45 0.44 

Protein 0.12 0.12 0.15 0.15 0.18 0.20 

Nucleic acid 0.07 0.07 0.10 0.15 0.07 0.15 

Carbohydrate/ 3.41 3.41 2.93 2.86 2.5 2.2 

protein 
----~--

Data are the mean of triplicates 

Time course of EPS production 

Time course of EPS production by BB lA was studied in batch culture using BHI media up to t 92 h at 

30 oc. Exponential growth continued for 18 h followed by stationary phase. EPS production reached to 

its maximum ( 1.3 g/1) during 144 h of incubation; no increase in quantity of EPS was noted beyond 144 

h (Fig. 2.3). 
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Effect of temperature and pH on EPS production 

The highest productivity (I g/1) of EPS was obtained at 30 oc (Fig. 2.4). Above 30 °C, the productivity 

of \Vas reduced. Furthermore, maximum growth in terms of optical density was also noticed at 30 

. below and this temperature, both grovvth and EPS production decreases. The high productivity 

l g/1) was at pH 7 to 8 (Fig. 2.5 ). The yield of EPS as well as growth decreased below 

pH 7 and above pH 8. 

1.6 

1.4 

~1.2 
:f; 

~ I I 
c: 

~ 0.8 

~ 0.6 i 

"" § 0.4 

0.2 

0 

20 30 37 
Temperature in °C 

DGrowth 

!mEl'S 

42 

1.2 l 

0 

::50.4 
~ 
Cl 
0 0.2 

' 

i 
~ 

4 

DGrowth 

SEPS 

5 6 pH 7 8 9 
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± S.E. S.E. 
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2.3.4. Effect of nutrients on EPS production 

Glucose, galactose, lactose, raffinose, arabinose and sucrose were used to determine the effect of carbon 

source on the production of EPS. The highest yield of EPS (0.8 g/1) was observed when glucose was 

supplied as the carbon source (Fig. 2.6). As shown in Fig. 2.7, the production of EPS was higher when 

the strain was grown in organic nitrogen compounds compared to in inorganic compounds. Among the 

nitrogen sources tested, yeast extract provided the highest production level of EPS. Production of EPS 

was studied in various ratios of carbon and nitrogen sources (C/N ratio), in which 2% of glucose was 

supplied and the concentration of yeast extract was varied. As shown in Fig. 2.8, the EPS yield increases 

with increasing C/N ration and reached a maximum at a C/N ratio 4. When the C/N ratio was higher 

than 4, the yield of EPS decreased. The production of EPS was found to be affected by the presence of 

phosphate. Compared to control (without added phosphate), the addition of 2 g/1 Na2HP04 has a 

stimulatory effect on production (Fig.2.9). Further increase in phosphate has negative effect on EPS 

production. EPS production was also found to be atTected by various percentage of NaCI in the LB 

med The production increased with the increasing concentration of salt and reached a 

at 3% , thereafter decreases (Fig. 2.l 0). The strain was able to tolerate high NaC! 

concentration and can show visible growth upto 5% NaCl. 
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Fig 2.6: EfTect of different sugar supplementation on growth and EPS production. Data are the mean 

triplicates± S.E. 
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2.3.5. Chemical components of EPS 
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Fig 2.10: Effect of NaCl on gro\\1:h and EPS 
production. 

Chemical analysis showed that the purified EPS was principally made up of 78% (w/w) carbohydrate 

and 22% (w/w) protein and was composed of 78.4% (w/w) total sugar, 73.21% (w/w) neutral sugar, 

10.12% (w/w) uronic acid, 0.23% (w/w) amino sugar, 11.13% (w/w) a-amino acids (Table 2.3). 
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Table 2.3: Chemical components ofEPS obtained from Ajunii BBIA 

Method Hem analyzed % (w/w) 

Qualitative test 

a) Xanthoproteic Aromatic amino acids Present 

r,eaction 

Quantitative test 

a) Ninhydrin reaction a- Amino acids 1!.13 

b) Anthrone reaction Total sugar 78.4 

c) Phenol- sulfuric acid Neutral sugar 73.21 

reaction 

d) Carbazole-sulfuric Uronic acids 10. !2 

acid reaction 

e) Elson-Morgan Amino sugar 0.23 

reaction 

f) ~radford test Protein 22 

2.3. 7. Monosaccharide analysis of EPS 

GLC analysis ofthe alditol acetates ofthe acid-hydrolyzed product from BB1A revealed the presence of 

three main constituent sugar residues, namely, mannose, galactose, and arabinose (Table 2.4). Mannose 

was the most abundant monosaccharide, accounting 65 mol 

EPS. Galactose represented 21 mol % and Arabinose were present in 14 mol. %. 

Table 2.4: Sugar substituent composition of EPS from Ajunii BB lA 

Sugm· 

Mannose 

Galactose 

Arabinose 

2.3.8. Methylation analysis 

Amount (mol%) 

65 

21 

14 

content 

The PS was methylated using the method described earlier (Ciucanu and Kerek, 1984). The GLC-MS 

analysis of alditol acetates obtained from the hydrolyzate of the methylated polysaccharide revealed the 
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presence of 2,4-linked mannopyranosyl, 3,4-linked-mannopyranosyl, 2-Iinked-galactopyranosyl, 

terminal mannopyranosyl and arabinopyranosyl residues in a relative proportion of approximately 

1:1:1:1:1. 

2.3.9. Fourier transform-infrared (FT -IR) spectroscopy 

FT-IR spectra ofthe EPS showed a broadly stretched peak at around 3414 cm-1 characteristic of both 

OH and NH groups (Deng et al., 2005). The relative strong absorption peak at around 1657 cm-1 was 

attributed to the stretching vibration of C=O in carboxyl group and/ or protein related bands of amide L 

The p·eak at 1544 cm- 1 is attributed to amide II ofthe protein structure (Beech et al., 1999) (Fig. 2.11). 

Peaks around 2~31 and 1404 em- 1 can be assigned to CH stretching and CN stretching, respectively 

(Elkady et aL, 2011). The absorption peaks around 1000-1100 cm-1 are known to be characteristic for all 

sugar derivatives (Suh et al., 1997). 

2':13J.t 

Hi60. 7 

JH.U.l 
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Fig 2.11: FTIR spectra of EPS obtained from Ajunii BB 1 A. 
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2.3.10. Thermal gravimetric analysis (TGA) 

Thermogravimetric analysis is an analytical technique that measures the weight loss of a material as a 

function of temperature. TG analysis showed that the degradation of EPS takes place in two steps 

similar to the results reported by Mishra et al. (2011). Fourteen percent of total weight loss from 30 to 

120 oc was recorded for step 1 degradation, thereafter step 2 degradation (57%) was observed with 

maximum weight loss at?: 220 oc temperature (Fig. 2.12). Step I degradation may be due to moisture 

content while second step of degradation is attributed to thermal condensation between hydroxyl groups 

of polysaccharides, which induces formation of shorter segments, as well as loss of water and other 

molecular species. The total weight loss of EPS occurred after 280 oc. 

100 

90 

80 

40 

30 

Step l-0.286 mg 
- B.626% 
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Tempemtlu·e 'c 
300.00 400.00 

Fig 2.12: TG thermogram of EPS at heating rate of 10 oc min-1
• 

2.3.11. Diffrential scanning calorimetry (DSC) analysis 

The thermal stability of the EPS determined by DSC is illustrated as a heat flow-temperature curve 

(Fig.2.l3). DSC is a technique that measures heat flow into or out of a material as a function of time or 

temperature. Thermogram showed a distinct exothermic peak of EPS with crystallization temperature 

( T:) 68.22 oc (onset temperature 35.69 °C) with 170.33 mJ of latent energy for crystallization followed 

:)y an endothermic transition of melting. The melting temperature CCn) was determined by the 

,;ndothermal peak of the DSC thermogram and was found at 363.83 oc (onset temperature 340.70 °C) 

with 226.2 I mJ latent energy, thereafter its get oxidized. 
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2.3.1 X-ray diffraction (XRD) analysis 
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X~ray powder diffraction (XRD) technique is widely used for phase identification of a polymer material. 

A polymer can be partially crystalline and partially amorphous (Mishra eta!., 2011 ). EPS exhibited the 

characteristics diffraction peaks at 22.55°, 23.39°, 31.9° and 33.17° with inter planar spacing (d spacing) 

3.938, 3,798, 2.802 and 2.697 A, respectively (Fig. 2.14). Powder XRD pattern revealed that EPS is 

amorphous in nature with Clxrd 0.16. The XRD profile and interplanar spacing (d-spacing) are the basic 

of a polymer and are useful for studying the nature of EPS isolated from ditlerent 

sources. 
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Fig 2.14: XRD profile ofEPS obtained from Ajunii BB lA. 

13. Rheological property analysis and charge determination· 

The flow curve of EPS (2.0 % solutions) was shovvn figure !5. EPS (170.96 cps) 

at neutral at H can be seen that the shear rate increases decreases. 

The precipitation EPS with the addition of cetyl pyridinium chloride (CPC) indicates its acidic nature. 
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Fig 2.15: Viscosity-shear rate profile of EPS from A.junii BB I A. 
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2.3.14. Solubility of EPS 

Solubility tests of EPS in various organic and inorganic solvents revealed its insolubility in almost all of 

the organic solvents tested. While it was completely soluble in water in the pH range of 3.5 to 12.This 

indicates the polar nature and presence of strong hydroxyl groups in the EPS. The solubility only in 

aqueous indicates following the solubility principle "like dissolves like" (James, 1986). 

2.3.15. Scanning electron microscopy and Energy dispersive X-ray spectroscopy 

SEM observation was carried out to reveal the morphology of the EPS. lt was clear from the SEM image 

that EPS has certain degree of porosity with compact structure (Fig. 2.16 a and b). The small pore 

distribution and porous structure indicated the thin web like structure which may provide high capillary 

to retain water the gel. EDX relies on the investigation of a sample through interactions 

between electromagnetic radiation and matter, analyzing X-rays emitted by the matter in response to be 

with charged particles (Goldstein et al., 2003). EPS (without any meta! treatment) revealed the 

weight percentage of elements; C (54. 55% w/w), N (15.46% w/w), 0 (29.79% w/w) and P 

(a) (b) 

Fig 2.16: SEM images of EPS from Ajunii BB lA, showing surface morphology. 

2.3.16. Determination of N-acetyl-D-glucosamine 

The cell extract obtained from the overnight grovm BB 1 A culture showed the presence of N-acetyl-0-

glucosamine. The amount of N-acetyl-0-glucosaminc as detected by the modified Elson-Morgan 

method was 34 microgram/ dry weight of cell. 
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2.4. Discussion 

EPS from the biofilm forming bacterium Acinetobacter junii BB lA was extracted using six different 

extraction methods. An ideal method should result in minimum cell lysis. The nucleic acid content was 

taken as an indicator to evaluate the extent of cell lysis during extraction (Wingender et al., 1999). 

Extraction using heating or formaldehyde treatment or NaOH treatment resulted in highest amount of 

EPS, however extraction using centrifugation with ethanol precipitation was less time consuming with 

no cell lysis, as evident by the amount ofnucleic acid content. When NaOH was used as extractant, the 

nucleic acid content was high, indicating cell lysis. Similarly the content of nucleic acid was also higher 

during the heating process. The EPS content using centrifugation and EDT A was lower than that using 

NaOH. However, the degree of cell lysis by centrifugation and EDTA was far lower than NaOH. This 

suggests the extraction of some intracellular product by NaOH has contributed in the EPS. Since EPS is 

also composed large amount and nucleic acid, the measurement ofthese components is not an 

method evaluating cell lysis. Other methods such as ATP and intracellular enzyme 

been used in addition to nucleic acid, but these methods are 

time consuming (Frolund et al., 1996). Formaldehyde and sonication has been used for the extraction of 

EPS from anaerobic sludge (Jia et al., 1996). Formaldehyde usually tighten the cells and thus help in 

mm1 cell during extraction but found to interfere the carbohydrate estimation by phenol

sulphuric acid method (Underwood and Paterson, 1995), moreover it is also time consuming process as 

compared to centrifugation. The EDTA was also shown to strongly interfere with the common 

colorimetric analysis for protein by Lowry method (Peterson, 1979) and need to be removed by dialysis. 

Therefore in the subsequent experiments centrifugation with ethanol precipitation method was adapted. 

Production of EPS by the strain BB1A did not commence until late in the exponential phase of 

although it continued maximally during the stationary phase. The result shows that BB lA needs 

maximum growth for optimal production of EPS. EPS production in the late exponential and stationary 

phases of growth has been reported in many bacteria including Hahella chejuensis (Lee et al., 2001), 

Lactobacillus delbrueckii subsp. bulgaricus NCFB2772 (Grobben et aL, 1988), Streptococcus salivarius 

(Gancel and Novel, 1994) and Acinetobacter calcoaceticus BD4 (Bryan et al., 1986). Decho 1990 

suggested that in most bacterial species, the production of capsular form of EPS occurs in the 

exponential phase of growth while the slime type of EPS production occurs in stationary phase. This 

kinetic pattern is of significant in the natural ecosystem since there; the microbial population is 

intluenced by the varying environmental conditions. Bacterial population undergoes various phases of 

growth and non growth during these changes, while the non-growing bacterium uses the resources for 

the production and release of extracellular polysaccharides (Kjelleberg et al., 1987).The growth phase 
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for maximum EPS production, which varies with microorganisms (Sutherland, 1990), is an important 

parameter in the process planning. 

The optimum pH for EPS production depends on the individual species, but is near neutrality for 

most bacteria (Wilkinson, 1958). Neutral to alkaline pH has been reported as optimum pH for EPS 

production in some bacteria such as pH 8 for Arthrobacter viscosus (Lopez et al., 2003; Novak et al., 

1992). Figure 2.5 suggests that the optimum pH conditions for EPS production by .Ajunii BB 1 A exist 

within the pH 7 to 8, rather than at a specific point. The maximum EPS production by BB l A was 

observed at a temperature of 30 oc, which was the optimal growth temperature. Generally, it was found 

that the optimum temperature for most of the EPS biosynthesis occurs in between 26 and 31 oc (Lory, 

1992; Gandhi et a!., 1997). The optimum temperature and pH for the maximum production of EPS was 

found to coincide with the growth. From these result it seems that the production of EPS is related with 

the cell density. 

The yield of EPS 

and amount of biofilm 

the nature of carbon source. The strain was nutritionally demanding 

is the main component of biofilm) as discussed in chapter 1, was higher 

in nutritionally media such as BHL The strain was able to synthesize EPS from a variety of mono-, 

di- and trisaccharide carbon substrates. The EPS yield was generally higher for hexose than pentose. Of 

the hexoses, glucose the highest EPS yield ( 2.6), while the disaccharide sucrose was also good 

substrate for EPS production. The trisaccharide raffinose resulted in a lower yield compared to other 

sugars. It was reported earlier that the cell growth and EPS production usually depends on the carbon 

sources which affect the quality, sugar component and/ or molecular weight of EPS (Wachenheim and 

Patterson, 1992). Similar results were observed for other gram negative bacteria, including Klebsiella sp. 

and Acinetobacter calcoaceticus (Bryan eta!., 1986). ln Acinetobacter calcoaceticus, maximum yield of 

bioemulsifier was noticed in presence of glucose (Kaplan and Rosenberg, 1982). Among the nitrogen 

sources tested, the organic nitrogen (Yeast extract) vvas found to promote higher EPS yield. Yeast 

..., extract has been attributed to stimulate growth and EPS production in some organism, due to its protein, 

amino acid and vitamin content (Macedo et aL 2002b; Xiao et al., 2006; Seesuriyachan et al., 2011 ). In 

general the organic nitrogen was observed to promote more growth and EPS (Farres et al., 1997). In 

Hahella chejuensis (Sung-Hwan et al., 2000) maximum EPS production was observed with organic 

nitrogen source such as tryptone instead of inorganic nitrogen sources. Another factor which influenced 

EPS production is the C/N ratio. In strain BB 1 A, high C/N ration was required for maximum EPS 

production (Fig. 2.8). In many bacterial species, EPS production was favored by a high C/N ratio in the 

growth medium (Corpe. 1964; D'Haeze et al., 2004; Fanes et al., 1997; Quelas et al., 2006; Williams 

and Wimpenny, 1977: Sutherland, 1990). According to Margaritis and Pace (1986), the amount of 

substrate (i.e .. carbon) converted by the cell to polymer depends on the composition of the growth 
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medium, and the product may not be made under certain conditions. Mengistu et al. (1994) suggested 

that the limitation of essential nutrients like nitrogen results in poor growth while the energy from the 

carbon excess is used for polysaccharide biosynthesis. The strain BB lA was found to survive in high 

salt concentration (1 to 5% NaCI).The production of EPS was found to be stimulated by the presence of 

increasing salt concentration up to 3% NaCl. It has been reported by many authors that certain 

microorganism particularly marine, can increase their EPS production under salt stress (Liu and Buskey, 

2000; Taraldsvik and Myklestad, 2000). Sheng et al. (2006) reported that the amount of EPS produced 

by Rhodopseudomonas acidophila increased at high NaCl concentrations. In the strain BB lA, NaCl is 

an important stress factor that increases EPS production. 

Chemical analysis revealed that the carbohydrate to protein ratio of EPS extracted from A. junii 

BB 1 A after 144 h incubation was 3.4. It is evident that carbohydrate to protein ratio in EPS obtained 

diverse environmental, laboratory and planktonic cultures remains typically within the range of 

0.2-4.2 (Cao eta!., 2011; Liu and Fang , 2002; Liu et al., 20 l 0; Sheng et aL, 2005; Zhang et al., 2002). 

Precipitation of EPS by the addition of CPC indicates its anionic or acidic nature. The anionic nature of 

biopolymer is generally believed to be associated the presence of acidic groups such as pyruvate, 

succinate, acetate, sulfate, phosphate or uronic acid (Sutherland, 1977; Sutherland, 200 l ). The acidic 

groups interact with the quaternary ammonium ion (QN+) of the CPC, resulting in the formation of 

EPS-CPC complex. This reveals the acidic and anionic nature of polymer. The presence of monic acid 

m extracted from BB lA vvas confirmed by chemical analysis. Uronic acids are known to enhance 

the anionic properties of EPS and thus allow association of divalent cations such as calcium and 

magnesium to increase the binding force in a developed biofilm (Vu et al., 2009). 

The apparent molecular weight of EPS obtained from strain BB l A was found to be ~2 x 105 Da. 

EPSs from bacteria are generally composed of single and/or double fractions with molecular masses 

between 20 and 2000 kDa (Arias et al.. 2003; Manzoni and Rollini, 200 I). 

GC-MS analysis confirmed the presence of three main sugar residues, namely mannose, 

galactose and arabinose in molar ratio of 3: I: I. This is the first report showing mannose rich and 

arabinose containing EPS obtained from Acinetobacter sp. and thus it is novel so far. Galactose is most 

commonly found sugar in microbial polysaccharides, although it may be present in variable amounts. 

Polysaccharides containing galactose are produced, for example, by several bacteria of the Genera 

Envinia (Eastgate, 2000), Pseudomonas (Osman and Fett, 1989:. Hung et al., 2005), Lactobacillus and 

Streptococcus (Faber et al., 2001; Vanhaverbeke et al., 1998). Microbial EPS commonly contain other 

monosaccharides such as glucose, mannose, rhamnose, arabinose and fucose. The high mannose content 

of the EPS produced by A.junii BB IA grown on BHI, distinguishes it from other microbial EPS. 
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FT -IR spectra of the EPS showed the presence of carboxyl, hydroxyl and amide groups. The 

carboxy! group in the EPS confers various important features such as binding to divalent cations 

(Bramhachari et al., 2007). The presence of hydroxyl groups within the polymer favored the possibility 

of hydrogen bonding with one or more water molecules, as a result the EPS extracted from A. junii 

BB lA exhibited high solubility in aqueous solutions, following the solubility principle "like dissolves 

like" (James, 1986). The insolubility of polymer in organic solvents may be due to the number of 

hydroxyl groups present in the polymer, which resulted in the building up of strong forces of attraction 

between polysaccharide molecules (James, 1986; Kumar et aL, 2004). Presences of carboxyl and 

hydroxyl groups provide more adsorptive surfaces for aggregation and are preferred group 

flocculation (Daolun and Shihong, 2008). Both carboxyl and hydroxyl groups could be 

the formation of mucous polysaccharide and thus imparts emulsification potential (Kumar eta!., 2007) 

As DSC thennogram (Fig. the EPS Ajunii BB lA was to 

thermally stable up to 363 °C. thus making it a promising additive for industrial applications. DSC 

XRD analysis depicted its amorphous nature with crystalline index (ClDSC 0.397). XRD profile and 

interplanar spacing (d-spacing) is basic characteristic of a polymer useful to compare or study the 

nature of EPS isolated from different sources in future. 

The resu from measurements indicated that the viscosity of the polymer solution 

decreased with an increase in the shear rate (Fig. 2. J 5), suggesting that the polysaccharide solution 

showed characteristics a typical pseudoplastic, non-Newtonian fluid nature (Ma and Barbosa

Canovas, 1997). Extracellular polysaccharide from Paenibacillus sp. WN9 (Seo et al., 1999) and 

Bacillus sp. 1-471 (Kumar et al., 2004) was reported to exhibit a similar pseudoplastic behavior. 

The cell extract from BB l A showed the presence of PNAG (poly-f3-(l-6)-N-acetylglucosamine 

as indicated by the presence of N-acetylglucosamine. PNAG (poly-f3-( 1-6)-N-acetylglucosamine) has 

been described as an important cell-associated polysaccharide found in A. baumannii (Choi et aL, 2009) 

and is a major· component of biofilms of Staphylococcus epidermidis (Mack et al., 1996) 

and Staphylococcus aureus (Maira-Litran eta!., 2002). 

Although EPS from a very few members of Acinetobacter group have been studied and 

characterized, to the best of our knowledge this is the first report on the characterization of EPS 

produced by A. junii BBlA. It is predicted that the EPS from this isolate is an attractive candidate for 

use in environmental bioremediation, for application in waste water treatment and metal processing 

industries and other biotechnological applications. 
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