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Development of neutraceuticals using probiotic bacteria is a rapidly expanding area. For
the exploitation of full benefits from the bacteria two criteria, namely, viability of the cells and
high concentration of cells at the location of its delivery, i.e., the large intestine should be
fulfilled. The free cell administration of this bacteria results in loss of viability during the
passage through the gastro-intestinal tract particularly through the stomach due to high acidity.
Providing a physical barrier for the probiotic microorganisms against adverse environmental
conditions is therefore necessary. The technology of microencapsulation of probiotic cells is
gaining interest from this perspective. The controlled release of bacteria, immobilized using
microcapsules and beads, has been reported to reduce the risk of loss of viability of probiotic
cells. There are also scopes for development of new encapsulation technologies to ensure large
number of viable probiotic bacterial cells necessary for the use in industry for the development
of new probiotic products. Since the synergistic combinations of probiotic bacteria and prebiotic
carbohydrates is a new concept in food processing, co-encapsulation of probiotic-prebiotic
conjugate may also be developed for the enhancement the shelf life of microencapsulated
probiotic bacteria. It is well known that prebiotic bio-molecules enhance the growth rate of
probiotics which, in turn, act against pathogenic bacteria through the secretion of bacteriocin [1].
There are scopes for the studies on the effect of prebiotics on the enhancement of sustainability
of immobilized probiotic cells. In India many natural food materials have been reported to be
rich in prebiotic molecules. However, the extraction processes of prebiotic molecules from only
a selective natural source have been investigated [2, 3]. For the commercial viability of
production of prebiotics, their extraction from other abundant Indian food sources should be
attempted. It is expected that microencapsulated probiotic cells will increasingly be used in food
and pharmaceutical industries. Therefore, more focus should be given on the formulation of
microcapsules exploring the possibility of incorporation of probiotic-prebiotic conjugates for the
enhancement of sustainability of probiotics. The elucidation of the performance of microcapsules
in health food and in the human GI system is also necessary from the perspective of delivery of

probiotic cells.
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1.1. Probiotics

A probiotic (derived from the Greek language) is a live microbial feed supplement, which
beneficially affects in the host animal by improving its intestinal microbial balance [4, 5].
Probiotics have also been recently defined as “live microbes which transit the gastro-intestinal
tract and in doing so benefit the health of the consumer” [6]. The word probiotic is derived from
the Greek meaning “for life”. Probiotics were first defined by Kollath in 1953 to denote all
organic and inorganic food complexes in contrast to harmful antibiotics [7]. Probiotic includes
some health benefits: boosting of the immune system, inhibition of the growth of pathogenic
microorganisms, prevention of diarrhea from various causes, prevention of cancer, reduction of
the risk of inflammatory bowel movements, improvement of digestion of proteins and fats,
synthesis of vitamins, and detoxification and protection from toxins [8]. According the
FAO/WHO, probiotics are defined as mono or mixed cultures of “live microorganisms which,
when administered in adequate amounts confer a health benefit on the host” [9]. They are also
called “friendly bacteria” or “good bacteria” and can be used as complementary and alternative
medicine, a group of diverse medical and health care systems, practices, and products that are not
presently considered to be part of conventional medicine. In other words, they are defined as the
microbial food supplement with nearly 20 known species, which beneficially affect the host by

improving its intestinal microbial balance.

Figure 1.1: Morphology of Lactic Acid Bacteria [12]
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Lactic acid bacteria and Bifidobacteria occurring in foods such as yogurt, cottage cheese,
buttermilk and other fermented dairy products are the most familiar probiotics [10].
Lactobacillus species [L acidophilus, L reuteri, L plantarum, L casei, L salivarius, L bulgaricus,
L fermentum, L gasseri, L johnsonii, L lactis, L paracasei], Bifidobacterium species [B bifidum,
B infantis, B lactis, B longum, B breve, B adolescentis], Saccharomyces species [S boulardii],
Streptococcus species [S thermophilus, S salivarius subsp thermophilus], other bacterium
[Propionibacterium freudenreichii, Entercoccus, Escherichia coli] are some of the various types

of probiotic reported in the literature[11].

1.2. Mechanism of Action of Probiotic Bacteria

Different important underlying mechanisms, namely, a) Enhancement of the epithelial barrier, b)

Increased adhesion to intestinal mucosa, ¢) inhibition of pathogen adhesion,
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Figurel.2:Mechanism of Action of Probiotic Bacteria [13]

d) competitive exclusion of pathogenic microorganism, e) production of anti-pathogenic
substances, f) modulation of the immune system, represented in Figure 1.2 are responsible for

the antagonistic effects of probiotics against various pathogenic microorganisms [13].
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1.3. Prebiotics

The term “‘prebiotic’’ refers to selectively fermented ingredients which result in specific changes
in composition and/or the activity of gastrointestinal flora, with consequent health benefits for
the host [14]. According to the FAO/WHO, prebiotics are “nondigestible substances that provide
a beneficial physiological effect on the host by selectively stimulating the favourable growth or
activity of a limited number of indigenous bacteria”. ‘‘Dietary fiber’’ is a broader term that refers
to various carbohydrates and lignin, which resist hydrolysis by human digestive enzymes, but
may be fermented by colonic microflora and/or partly excreted in feces. Prebiotics may be added
to food preparations containing probiotics to enhance the stability of food matrix and viability of
probiotic cultures [15]. Chemically, the prebiotics are mostly oligosaccharides in nature. The
various oligosaccharides including fiber gums, fructo-oligosaccharides, inulins, isomalto-
oligosaccharides, lactilol, lactosucrose, lactulose, oligofructose, pyrodextrins, oligosaccharides,
transgalacto-oligosaccharides, and xylo-oligosaccharides, classified as prebiotics that are added
to processed foods and supplements. There is no concern about oligosaccharides being destroyed
while in storage or in route to the intestine through the stomach acid and digestive enzymes, as
usually faced by the probiotics. Prebiotics are not broken down by gastric enzymes, but pass
unaltered into the large intestine, where they are then selectively fermented, producing beneficial

effects, such as production of short chain fatty acids [16].

1.4. Prebiotic-rich natural food

Usually, food stuffs, rich in dietary fibre, serve as prebiotic sources. The fruits and vegetables as
bananas, berries, asparagus, garlic, wheat, oatmeal, barley (and other whole grains), dahlia,
millets, psyllium husks, flaxseed, tomatoes, Jerusalem artichoke, onions and chicory, greens
(especially dandelion greens but also spinach, collard greens, chard, kale, mustard greens, and
others) and legumes (lentils, kidney beans, chickpeas, navy beans, white beans, black beans)
have been reported to be naturally rich in prebiotic carbohydrates [17]. Among the natural

prebiotics inulin is the most abundant one.
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1.5. Inulin

Inulin has been defined as a polydisperse carbohydrate material consisting mainly, if not
exclusively, of B-(2-1) fructosyl-fructose links [18]. Among different probiotics, inulin, a fructan
consisting of glycosidic bonds like fructosyl-fructose with a terminal glucose unit is one of the
most popular one [19-22]. A few reports are available, showing the positive effect of inulin on
the growth of probiotic organism [15, 23, 24]. Huebner, 2007 reported that inulin enhanced the
growth of Lactocallus casei [25]. In addition to the inclusion of inulin in yogurt, it is also used as

a substitute of fat in low fat emulsions like salad dressings etc [26].
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Figure 1.3: Structure of Inulin [19]

1.6. Inulin-rich Indian food

Inulin producing plant species are found in several monocotyledonous and dicotyledonous
families, including Liliaceae, Amaryllidaceae, Gramineae and Compositae [27]. The
photographs of some inulin-rich natural vegetables and pulses have been provided in Table 1.1

along with their common and scientific names and inulin content.
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Table 1.1: Inulin-rich Indian food

Indian Food source Photographs

Chicory
(Cichorium intybus)

[28]

Garlic

(Allium sativum)

Sorghum (Jowar)

(Sorghum vulgare)

Pearl Millet (Bajra)

(Pennisetum glaucum)
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Finger Millet (Ragi)

(Eleusine coracana)

Oat
(Avena sativa)

[31]

Wheat
(Triticum)

Banana
(Musa)
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Onion
(Allium sepa)

[34]

From the Table 1.1, it is clear that although the inulin content of several Indian foods has been
determined, no quantitative data is available for Indian millets. It has been reported that since
these cereals are constitutionally similar to wheat [35], they are expected to contain prebiotic
molecules like inulin besides arabinoxylan found in the latter [3]. Although these coarse cereals
have long been considered as sources of dietary fibre, no efforts have so far been made to extract
prebiotic inulin from them. There is an initiative of Government of India to enhance the
production of millets [36] and popularize these coarse cereals in the global market. The

extraction of inulin from these sources is expected to boost this initiative.

1.7. Synergistic effect of probiotic-prebiotic

Synergistic combinations of probiotic bacteria and prebiotic carbohydrates are new concepts in
food processing [37]. Prebiotic bio-molecules enhance the growth rate of probiotics which in
turn act against pathogenic bacteria through the secretion of bacteriocin [38]. Thus, prebiotics
may be combined with dairy products namely yoghurt etc. which contain an array of probiotic
bacteria [39]. Ideally, the prebiotic molecule should not support the growth of pathogens. The
main reason for using a synbiotic is that a true probiotic, without its prebiotic food, does not
survive well in the digestive system. As prebiotics provide nutrition for the probiotics, the
population of these good bacteria is sustained. The synergism of probiotic and prebiotic

conjugates is shown in Figure 1.4.
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1.8. Microencapsulation

Microencapsulation is a technique of protection of desired product from detrimental
environmental influences and is done either through physical or physicochemical or chemical
routes [40]. The most common biomaterial used for microencapsulation or immobilization of
probiotic bacteria is alginate which is a linear polymer of heterogeneous structure composed of
monosaccharides called a-L glucuronic acid and B- D mannuronic acid linked by B (12>4)
glycosidic bonds [41]. Entrapment is one of the techniques of immobilization. The size of beads
may vary in the range of 2-3 mm. Spray drying, Spray coating, Extrusion, Emulsification are
some basic methods of microencapsulation. External gelation and internal gelation are the two
different methods of chemical emulsification. Internal gelation is superior to external one as it
ensures the formation of spherically structured microcapsules of sizes < 1000 pm with very
narrow size distribution [42, 43]. It is a simple, fast and low cost method of emulsification. One
of the important features of immobilized prebiotic-probiotic conjugate in real time operation is
the ‘release time’ of cells from the inert enclosure. Similarly evaluation of /n-vitro concentration
profiles of microcapsules (internal) and released probiotics in the simulated GI system is another

important aspect to be considered in immobilized system.

1.9. Application of microencapsulated probiotic microorganism in food

The delivery of viable micro encapsulated probiotic bacteria will become important in the near
future [44]. Nowadays, a great attention has been given in extending the category of foods
carrying probiotics in order to broaden the groups of people that usually have no access to
probiotic food [45]. Probiotic products for human diet include neutraceuticals or functional
foods, food ingredients and supplements that have an important effect on the intestinal
microflora [46, 47]. The intended health benefits of probiotics can only be obtained when the
food contains the required minimum viable microorganism count at the time of consumption. US
FDA has recommended that minimum probiotic count in the probiotic food should be at the least

10° CFU ml™' [48-50].

11
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1.10. Microencapsulated probiotics in Human GI system

After consumption, a microencapsulated probiotic will pass quickly through the esophagus at
which the greatest viability loss of bacteria is expected due to high levels of acid [42]. The pH
values of the stomach lie within pH 1-2.5. The emptying of stomach contents is usually a result
of peristaltic action known as the migrating myoelectric complex. In addition to acid, the
stomach also contains pepsin, a proteolytic enzyme, which breaks down proteins. After passage
through the stomach, the microcapsules enter the small intestine. The pH of the small intestine
lies in the range of 6.80—7.88. After passage through the small intestine the capsules reach the
large intestine at which point the pH 7.0. The large intestine, unlike the rest of the GI tract, is
home to a large concentration of indigenous bacterial species, which themselves offer an
opportunity for targeted delivery as some polysaccharides are biodegraded by the colonic

microflora. Development of neutraceuticles using probiotic bacteria is a rapidly expanding area.

12
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From the foregoing discussion it is evident that application of prebiotic-probiotic mixture
(as netraceuticles) in conventional nutritional food will grow rapidly in near future. Moreover,
the synbiotic effect of prebiotic-probiotic mixtures may also pave a new avenue in the area of
food preservation. Literature survey shows that while extensive research are now being
conducted in these areas, these studies are limited only to a few selected sources of prebiotics. It
is now well established that inulin, a fructo-oligosaccharide is possibly the best choice as
prebiotic. However, its application is constrained due to the prohibitory high cost of the material.
This scenario demands searching of new sources of raw materials, rich in fructo-oligosaccharide
inulin and their subsequent isolation following a cheaper route. On the other hand, the utilization
of probiotic organism in health food is restricted by the adverse effect of acidic gastric juice and
alkaline small intestinal juice against the free cells. The protection of probiotic cells in the food
substances under preservation is also necessary. Thus probiotic microencapsulation technology
has been developed to protect the cells. The selection of the proper microencapsulation method
and study of the behavior of probiotic cells in microencapsulated vector are necessary. The effect
of prebiotics on the microencapsulated probiotic should also be investigated. From the literature
review it is clear that the studies on immobilized prebiotic-probiotic conjugates are still in its
infancy. In the present investigation it is proposed to study immobilized conjugate for its
antimicrobial activity as well as to explore the possibility of using the immobilized whole cells
as a potential source of food preservative. With these intentions, the present investigation will

focus on the following aims:

1. Extraction and characterization of prebiotic biomolecule, namely inulin from garlic and
abundant Indian pulses, namely the Indian millets.

2. Bioprocess studies of the growth of Lactobacillus casei (2651 1951 RPK) on
carbohydrate sources, namely lactose and inulin from different sources in free cell system

3. Immobilization of Lactobacillus casei (2651 1951 RPK) and the prebiotic-probiotic
conjugate through entrapment and microencapsulation techniques along with
optimization and determination of antimicrobial activity.

4. Mathematical Modeling for prediction of system performance.
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5. Application of probiotic and prebiotic-probiotic beads and microcapsules in Indian foods

and assessment of enhancement of the survival of probiotic bacteria using preservation
time and temperature as parameters.
Cost analysis of extraction process of millet prebiotic, identified as the best growth

enhancer of the probiotic cell under study.

The objectives for the fulfillment of the above aims are follows:

Objectives under aim-1

The solvent extraction technique, followed by vacuum evaporation and lyophilizing will
be used for the isolation of inulin from garlic and Indian millet sources, namely, pearl
millet, great millet and finger millet.

Characterization of isolated inulin will be done with the help of Thin layer Liquid
Chromatography (TLC) and Fourier transform infrared spectroscopy (FTIR). Presence of
inulin in the isolated samples will be authenticated by comparing the result with the
commercially available inulin. Once identified, concentration of inulin in each source
will be determined quantitatively by the standard 3-5 Di-nitro salicylic acid (DNS)
method.

The most effective millet inulin with respect to Lactobacillus casei will be identified by
comparing the 24 h growth of the probiotic microorganism on different millet inulins
extracted under the present study.

The process parameters for the extraction of the most effective millet inulin will be
optimized by conducting experiments at pre-set conditions using central composite
design. The conditions corresponding to maximum yield of inulin will be identified using

statistical modeling.

Objectives under aim-2

Optimization of the growth medium of a selected probiotic microorganism, namely
Lactobacillus casei with respect to the concentrations of the carbohydrates, namely,

lactose and inulin.
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The first step towards achieving significant cell growth is the selection of composition of growth
medium. Thus in the present investigation a statistical optimization of the cell growth medium
will be carried out with concentration of lactose and concentration of inulin as dependent
variables with an objective to get maximum specific cell growth rate response. It is proposed to
use Response Surface Methodology (RSM) as the optimization tool.

e Determination of growth dynamics of Lactobacillus casei on inulin as carbohydrate

Sources.

Effect of any prebiotic as probiotic cell growth enhancer is an important parameter for its
usefulness. Quantitatively this can be expressed in terms of cell growth kinetics. In the present
investigation a set of programmed batch mode experiments will be carried out to generate
concentration time histories of both cell and the substrate. Initial concentration of substrate as
well as the selected prebiotic inulin will be considered as operating variables. A comprehensive
theoretical analysis will be carried out in predicting the cell growth dynamics of Lactobacillus
casei in absence and in presence of the prebiotic inulin. A comparison will also be made in order
to establish the usefulness of selected prebiotic source. Fulfillment of this objective will thus lead
to the understanding of complete cell dynamics of the prebiotic-probiotic conjugate along with
the quantitative knowledge of intrinsic kinetic parameters.

e Determination of Antimicrobial activity and antibiotic sensitivity of inulin- Lactobacillus

casei conjugate.

In order to achieve the objective, the quantitative ranking method suggested by Hubner et al will
be utilized [1]. A programmed set of experiments on antimicrobial activity will be carried out
with two well performing prebiotic-probiotic conjugates in presence of the pathogen,
Escherichia coli. In each case the prebiotic score will be evaluated which will help to establish
the preferential effectiveness of the prebiotic under investigation. A separate set of experiments
will also be conducted to evaluate the zone of inhibition provided by the selected conjugate in

presence of a broad spectrum antibiotic, Norfloxacin.
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Objectives under aim-3

e Three different techniques of immobilization, viz., entrapment in bead and
microencapsulated through external and internal gelation will be used with an intention to
determine the most effective method of immobilization.

e The process parameters for the best immobilization method, under study, will be
optimized using response surface methodology to maximize the efficiency of
encapsulation.

e Antimicrobial activity of immobilized conjugates towards a specific pathogen,

Escherichia coli, will be studied in detail in terms of zone of inhibition.

Objectives under aim-4

e Mathematical modeling for the prediction of lactose and biomass concentration profiles in
probiotic microcapsules and beads suspended in lactose rich MMRS medium and green

coconut water.

Prediction of internal concentration of lactose and biomass with progress of time is one of the
most important requirements for long term use of immobilized probiotic whole cell in food
preservation. In the present investigation, another mathematical model will be developed
incorporating both the diffusion of lactose across the outer surface of microcapsules and
beads and the growth of cells immobilized within the internal core. The partial and ordinary
differential mass balance equations for substrate and cells will be solved using MATLAB 7.
The release time of cells from the probiotic beads and microcapsules either suspended in
MMRS medium or lactose rich liquid food will also be predicted using this model. The

model will be validated by the comparison with the experimental data.

e Mathematical modeling for the determination of “release time” of probiotic cells from the

entrapment beads and microcapsules suspended in simulated gastrointestinal (Gl) juices.

The bursting time of prebiotic-probiotic microcapsules will be predicted using Malthusian
population balance equation for cell growth [2]. Experimental data will be used to validate

the proposed model equations.
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e Mathematical modeling of a simulated in-vitro Gl system to predict the concentration-

time histories of microcapsules and released probiotic cells.

The human GI system will be simulated by using a series of three continuous stirred tank
bioreactors (CSTBRs) representing the “stomach”, “small intestine” and the “large intestine”.
In order to predict concentration time history of microcapsules and probiotic cells
Lactobacillus casei in the simulated Gl tract a set of ordinary differential equations
correlating the mass and number balance equations for the microcapsules and probiotic cells
around the CSTBRs under transient condition will be developed using simplified and logical
assumptions. The concentration time histories of microcapsules and probiotic cells in the
“stomach”, “small” and the “large” intestines will be simulated by solving the differential
equations along with the boundary conditions using MATLAB 7, ode 45 software. The
simulated profiles will be compared with the experimental ones to validate the mathematical

model.

Objectives under aim-5

Application of these immobilized samples as potential sources of food preservative will also be
studied at two different temperature levels and preservation times on polysaccharide enriched

food materials viz., Indian milk cake and jaggery.

Objectives under aim-6

The cost analysis of the extraction of the most effective millet inulin will be done for a small
production plant considering the recurring and non-recurring expenditure into account. The cost
of extracted millet inulin will be compared with that of commercially available inulin to assess

the competitiveness.
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4.1. Chemicals

4.1.1. Beef extract (Merck, India)

4.1.2. Yeast extract (Himedia, India)

4.1.3. Peptone (Himedia, India)

4.1.4. Sodium acetate (LobaChemie, India)

4.1.5. di-potassium hydrogen phosphate (Himedia, India)
4.1.6. Tri-ammonium citrate (LobaChemie, India)
4.1.7. Magnesium sulphate (Himedia, India)

4.1.8. Manganese sulphate (Himedia, India)

4.1.9. Lactose (Merck, India)

4.1.10. Food grade inulin (Himedia, India)

4.1.11. Benzene (Ranbaxy, India)

4.1.12. Acetic acid (Merck, India)

4.1.13. Methanol (Merck, India)

4.1.14. Resorcinol (Merck, India)

4.1.15. Ethanol (Merck, India)

4.1.16. Sulphuric acid (Merck, India)

4.1.17. HCL (Merck, India)

4.1.18. Calcium hydroxide (Merck, India)

4.1.19. n-butanol (Merck, India)

4.1.20. Oxalic acid (Merck, India)

4.1.21. Orcinol (Merck, India)

4.1.22. Glucose (LobaChemie Laboratory reagents and fine chemicals, India)
4.1.23. Calcium chloride (Himedia, India)

4.1.24. Sodium alginate (Merck, India)

4.1.25. Rice bran oil (vegetable oil) (Local market)
4.1.26. Tween 80 (Merck, India)

4.1.27. Glycerol (Merck, India)

4.1.28. Sodium Dodecyl Sulphate (SDS) (Merck, India)
4.1.29. Paraffine oil (Merck, India)
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4.1.30. Acetonitrile

4.2. Materials

4.2.1. TLC Silica gel G 60 Aluminium sheets 20 x 20 cm (Merck HX 816976, Germany)

4.3. Simulated reagents

4.3.1. Saline water
4.3.2. Phosphate buffer
4.3.3. Peptone water
4.3.4. Gastric juice
4.3.5. Saliva solution

4.3.6. Simulated Small and Large intestinal juices

4.4. Antibiotic
4.4.1. Norfloxacin (Local medical shop)
4.5. Vegetables and cereals

4.5.1. Garlic (Allium sativum) (Local Market)
4.5.2. Jowar (Great Millet) (Sorghum vulgare) (Andheri market, Mumbai)
4.5.3. Bajra (Pearl millet) (Pennisetum glaucum) (Andheri market, Mumbai)

4.5.4. Ragi (Finger Millet) (Eleusine coracana) (Andheri market, Mumbai)

Garlic cloves [1] Jowar, Bajra, Ragi seeds (clockwise)
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4.6. Food materials

4.6.1. Jaggery (Local Market)

4.6.2. Home- made sweet (milk-cake)
4.6.3. Milk (Amul Taza) (Local Market)
4.6.4. Coconut water (Local Market)

4.7. Microorganisms

The bacterial strains used under the present research study are as follows:

4.7.1. Lactobacillus casei (2651 1951 RPK) culture was purchased from National Collection of
Industrial Microorganisms, Pune, India.

4.7.2. Escherichia coli (2065ATCC 8739) culture was purchased from National Collection of

Industrial Microorganisms, Pune, India.

4.8. Microbial culture media

4.8.1. Culture Media for Lactobacillus casei (2651 1951 RPK)
Modified de-Mann Rogosa Sharp (MMRS) medium:

Table 4.1: Composition of Modified de-Mann Rogosa Sharp (MMRS) medium

Serial No. Components Quantity
1. Beef extract 10g
2. Yeast extract 50
3. Peptone 10g
4. Sodium acetate 5¢
5. di-potassium hydrogen 29

phosphate
6. Tri-ammonium citrate 29
7. Magnesium sulphate 0.05g
8. Manganese sulphate 0.05¢
9. Lactose 20g
10. Distilled water 1L
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4.8.2. Culture Media for Escherichia coli (2065ATCC 8739)

Luria Bertani (LB) medium:

Table 4.2: Composition of Luria Bertani medium

Serial No. Components Quantity
1 Tryptone 1g
2 Yeast extract 0.5¢
3. Sodium chloride 1g
4 Distilled water 100 mL

Table 4.3: Composition of Phosphate buffer

Serial No. Components Quantity
1. Potassium di-hydrogen 1.361 g
phosphate
2. Distilled water 100 mL

The pH was adjusted using 35 g/L solution of disodium hydrogen phosphate.

Table 4.4: Composition of Peptone water

Serial No. Components Quantity
1. Peptone digest 109
2. Sodium chloride 100 mL
3. Distilled water 1L

Table 4.5: Composition of Simulated gastric juice

Serial No. Components Quantity
1. Sodium Chloride 0.99
2. Pepsin 0.3g
3. Distilled water 100mL
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The pH was adjusted to 2.0 with HCI.

Table 4.6: Composition of Simulated saliva solution [2]

Serial No. Components Quantity
% (W/V)
1. Sodium Chloride 0.62
2. Potassium Chloride 0.22
3. Calcium Chloride 0.02
4. NaHCO; 0.12

Table 4.7: Composition of Green Coconut Water [3]

Serial No. Components Quantity
% (W/V)
1. Total solids 4.83
2. Citric acid percent 1.35
3. Total reducing sugar 3.94

The normal pH of green coconut water is 4.68.

4.9. Preparation of lactose rich green coconut water

Lactose was added to fresh green coconut water to maintain a concentration of 20g/L and the pH

was adjusted to pH 7 by the addition of phosphate buffer solution of pH 8.

4.10. Simulated Small and large intestinal juices

As reported in the literature, the gut juice can be simulated using phosphate buffer saline (PBS)
(NaCl: 8 g/L; NazHPOQO,: 1.44 g/L and KH,PO,: 0.24 g/L) with pH adjusted in the range of 6.5 to
8 [4]. Under the present investigation PBS having pH of 8.0 and 7.0 was used to simulate small
and large intestinal gut juices respectively. Since bile and pancreatin have no role in the growth

of Lactobacillus casei (2651 1951 RPK), these enzymes were not used.
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4.11. Equipments
The following equipments were used under the present research study

4.11.1. BOD-Shaker incubator (G.B. Enterprises, Kolkata, India)
4.11.2. Hot Air Oven (G.B. Enterprises, Kolkata, India)

4.11.3. Autoclave (G.B. Enterprises, Kolkata, India)

4.11.4. Laminar Air Flow (G.B. Enterprises, Kolkata, India)
4.11.5. Heating Mantle (G.B. Enterprises, Kolkata, India)
4.11.6. Refrigerator (Whirlpool; Corona Deluxe, India)

4.11.7. Freezer -20°C (Blue Star, India)

4.11.8. Weighing machine (Sartorius BS124S, Germany)

4.11.9. Magnetic Stirrer (Remi; 5SMLH, India)

4.11.10. Freeze dryer (Lyophilization Systems, Inc. India)
4.11.11. Cooling centrifuge (Plasto Crafts, Model-Superspin R-V/Fy)
4.11.12. Constant temperature bath (S.C Dey & Co., India)

Optical Microscope FTIR
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Laminar airflow chamber Cooling centrifuge

—

Rotary evaporator HPLC
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Constant Temperature bath

4.12. Analytical Instruments

The following analytical instruments were used in the present research work

4.12.1. Fourier Transform Infrared Spectrometer (FT-IR) (Schimadzu Company; VERTEX

70)

4.12.2. UV-visible spectro-photometer (Varian, Cary 50 Bio USA)

4.12.3. Field Emission Scanning Electron Microscope (FESEM) (JSM 6700A, Jeol Ltd., Japan)
4.12.4. Rotary evaporator (Buchi Labor Technik AG R3, Switzerland)

4.12.5. Optical microscope (OPTIKA, Italy)

4.13. TLC (Thin layer Liquid Chromatography)

The standard inulin solutions of different concentrations (5g¢/L, 10g/L, and 20g/L) were
hydrolyzed using 5% oxalic acid and heated in boiling water bath for 30 minutes [5]. 1 mL of
each inulin solution was hydrolyzed with 4 ml oxalic acid. Filtrate obtained from suspensions of
aqueous test solutions of raw natural prebiotics at concentration of 20g/L each were hydrolyzed
using the same protocol. Approximately 10 pl of each hydrolyzed sample was applied to spot on
the aluminium sheet (TLC Silica gel G 60 Aluminium sheets) by a micropipette (make:
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Biohitproline 0.5 to 10 ul) and was developed for ~ 3 h in the n-butanol: acetic acid: methanol
solvent (4:2:2) mixture in a closed chamber [6]. The mobile phase (solvent) was at the bottom of
the tank. The mobile phase gradually moved upward carrying the spotted samples. Once the
solvent front moved ~ 2/3 of the sheet, the sheet was removed; the solvent front was marked
immediately and dried with a portable dryer. The sheet was sprayed with spraying reagent which
had been prepared by mixing 0.2% orcinol in sulphuric acid and was incubated in hot air oven

for 15 minutes at 70°C. Dark brown spots appeared for different samples. Rfvalues (Relative

Fronts of the solute and the solvent) were calculated using the following equation.

R, =distance moved by the solute/ distance moved by the solvent 4.2)

From the Thin Layer Chromatogram of each sample, the spot, obtained at the same position as
inulin, was scraped out and collected in a sample vial containing 10 mL distilled water. OD
values of supernatants were determined with the spectrophotometer at 540 nm, to quantify the
concentration of inulin. Standard curve generated using OD values of TLC spots corresponding
to pure inulin solutions of different concentrations have been used to determine inulin

concentration in the natural prebiotic sources.

4.14. Extraction of Inulin

The prebiotic native sources, namely, garlic, pearl, finger and great millets were washed properly
with distilled water. In case of garlic, peeling of outer skin was done manually and the core
portion was taken for the preparation of paste. 100 g natural samples were taken and with
addition of 150 mL distilled water was blended with Mixer-Grinder. The protocol for the
extraction of inulin from chicory, as suggested by Mavumengwana, was followed with some
modifications [7]. Same protocol was also used by Samanta (Koruri) [8]. The flow sheet showing

different operations in the protocol of inulin extraction is shown in Figure 4.1.
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Figure 4.1: Process of inulin extraction from natural prebiotic sources

According to the protocol, suspensions of the aqueous pastes of different samples were prepared.
The volume of distilled water used for the preparation of suspension was 750 mL for all samples.
The suspension was heated up to 70°C and was subsequently screened. Heating up to 70°C had
been recommended by previous workers, to de-activate the inulinase, which might have
otherwise led to the conversion of inulin to fructose [7, 9]. The solid cake from the filter cloth
was re-suspended several times in distilled water and was recycled to the filtration unit. Finally
the filtrate was treated with calcium hydroxide to raise the pH up to 8.0. The pH was readjusted
to 7.0 by using 0.8 M HCI. After the adjustment of pH, filtrate was frozen at -22°C for 3h and
was thawed. The supernatant was evaporated under vacuum to remove water and to obtain crude

inulin powder and all the inulin samples were characterized.

4.15. Optimization of the parameters for most desirable millet inulin yield

A statistical model correlating the response variable, namely, yield of inulin defined by g inulin
extracted/g millet, was developed using response surface methodology (RSM). For this purpose,

a set of 20 experiments was conducted at different combinations of independent variables, pre-
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set by central composite design. Independent variables, namely, temperature, concentration of
HCI and heating period were varied in the range of 24-70°C, 0.5-2 M and 20 - 180 min
respectively. The development of model equation using RSM and the optimization of inulin yield
were carried out using Design-Expert 8.1 (Stat-Ease, Inc., Minneapolis, USA) software.

4.16. Characterization of Extracted Inulin Powder

The presence of inulin in different natural prebiotic samples (selected for this study) was
qualitatively and quantitatively determined using Thin layer Liquid Chromatography (TLC),
DNS method and Fourier transform infrared spectroscopy (FTIR).

4.16.1. TLC (Thin layer Liquid Chromatography)

The same protocol of TLC, performed for the qualitative and quantitative determination of inulin

in raw natural prebiotics, was followed for the inulin extract powder derived from them.

4.16.2. DNS (3-5 Di-nitro salicylic acid) method

1g of natural inulin powder of each prebiotic sample was dissolved in 5 ml distilled water. 5 ml
4:1 acetonitrile: water solution mixture was added to the solution. The resulting mixture was
allowed to precipitate. The clear solvent layer was decanted and the precipitate was washed
repeatedly with distilled water and the final suspension of 4 mL was divided into two parts. One
part was taken directly for fructose determination using DNS (3, 5- Di-nitro salicylic Acid)
method and another part was hydrolyzed with 5% oxalic acid following the same protocol used
in case of TLC analysis and was subsequently analyzed using DNS method to determine the total
content of reducing sugar[10]. The inherent fructose content of the extract powder was evaluated
by the DNS analysis of the first part. On the other hand the DNS analysis of the second part
would determine the summation of the fructose/glucose produced through hydrolysis of inulin
and the inherent fructose content. The quantity of fructose produced from hydrolysis of inulin
was determined by subtracting the inherent fructose content from the total value of the content of
reducing sugar, obtained through the DNS analysis of second part.The concentration of pure
inulin in the extract inulin powder was obtained by the simple molar ratio relationship given by

Mavumengwana [7].
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[1]=162%[F]/180 (4.2)

Where [I] = concentration of inulin, g/L and [F] = concentration of fructose obtained from inulin

hydrolysis, g/L.

4.16.3. FTIR (Fourier Transformed Infrared Spectroscopy) Analysis

The results of all were compared with that of the pure food grade inulin.

4.17. Determination of Degree of Polymerization

The degree of polymerization, or DP, is usually defined as the average number of base units per
molecule if the molecules are composed of regularly repeating units, or as the average number of
monomeric units (mers) per molecule [11]. The extracted inulin samples were hydrolyzed. DNS
method was followed to determine the glucose concentration in the hydrolysate. On the other
hand, inulin content of the extract was determined using the TLC method. The DP has been

calculated using the following procedure:

According to Irene A. Rubel et al, 2014 and Simonovska, 2000, the degree of polymerization, n,

may be correlated to contents of glucose and fructose in inulin as follows [12, 13]:

F
— 4.3
n G *l (43)

if the general formula of Inulin be GF,.1

Where,

G= glucose, F= fructose,

Fi= Content of fructose originating from inulin sample
Gi= Content of glucose originating from inulin sample

Again, according to Stefano Curcio et al, 2014 [14]
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i =09xF +G,
(4.4)

Therefore, by dividing both sides of Equation (4.4) by G;,
— =0.9*—"+1 (4.5)

Therefore, by using Equation (4.3) and (4.5)

i=0.1*G, +0.9*n*G,
(4.6)

Thus, by determining the content of inulin, i and that of glucose, obtained on hydrolysis, the

value of DP may be calculated from Equation (4.6).

4.18. Pre-adaptation of Lactobacillus casei (2651 1951 RPK) to different carbohydrate
sources

The probiotic bacteria, namely, Lactobacillus casei was pre-adapted to different carbohydrate
sources, namely, lactose, commercial inulin and three millet inulins. For lactose, sterile modified
de-Man Rogosa Sharpe (MMRS) medium was prepared by using 50 g/L lactose as the
carbohydrate source. Four other stock cultures were also prepared using MMRS media in which
the food grade commercial inulin and three millet inulins at a concentration of 20 g/L were
separately used as the carbohydrate source. For pre-adaptation, each medium was inoculated
with 1% (v/v) of Lactobacillus casei in a 50 mL flask and was incubated for 18 h at 37°C based
on sufficient growth (5x10'%fu/ml). Since the purity of each inulin extract is dependent on the
natural source, different quantity of inulin extracts were required to prepare the inulin solution of

equal strength.

4.19. Pre-adaptation of Escherichia coli (2065ATCC 8739)

Escherichia coli (2065ATCC 8739) grown in Luria Bertani (LB) medium was pre-adapted to
sterile MRS and modified de-Man Rogosa Sharpe (MMRS) media containing 20g/L glucose and
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20 g/L inulin as the carbohydrate sources respectively. For pre-adaptation, each medium was
inoculated with 1% (v/v) of Escherichia coli (2065ATCC 8739) in 50 mL flask and was
incubated for 18 h at 37°C until sufficient growth (5x10*°cfu/ml) was detected.

4.20. Scanning Electron Microscopy (SEM) of Lactobacillus casei (2651 1951 RPK)

SEM analysis of 24 h batch culture of Lactobacillus casei using two types of MMRS media, one
containing 20 g/L lactose and the other containing 20 g/L lactose and 20 g/L commercial inulin,

were used to observe the morphological changes of bacterial cell.

4.21. Optimization of specific growth rate of Lactobacillus casei (2651 1951 RPK)

The multivariate functionality of pae (average specific growth rate) on two independent
variables, namely concentrations of lactose and inulin was determined by designing the
experiment using Central Composite Design (CCD) technique. 13 batch mode experiments were
conducted in Erlenmeyer flasks to determine the specific growth rate of Lactobacillus casei by
varying the initial concentrations of lactose and inulin in the ranges of 10-30 g/L and 0.164-
0.624 g/L respectively. Response Surface Methodology has been used to develop the model
equation to correlate the specific growth rate with the above mentioned independent variables.
Design-Expert 8.1 (Stat-Ease, Inc., Minneapolis, USA) software has been used for the purpose of
the development of statistical model as well as for the identification of the optimum values of the
independent variables corresponding to maximum specific cell growth rate.

4.22. Batch studies for the determination of growth kinetic of Lactobacillus casei (2651 1951
RPK) on lactose, inulin and mixture of lactose and inulin

Batch growth of Lactobacillus casei was investigated using lactose as the carbon source and the
initial concentration was varied in the range of 10 - 30 g/L. Similarly, another set of experiments
was conducted using inulin as the sole carbon source. The initial concentration of inulin was
maintained in the range of 0.035-0.624 g/L. A separate set of batch experiments was performed
using a mixture of lactose and inulin as the carbon source. At each value of initial concentration
of lactose of 10, 20, 30 and 40 g/L, the initial concentration of inulin was varied in the range of
0.164-0.624 g/L. Separate set of experiments was conducted for commercial inulin and the most
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effective millet inulin. For each experiment, incubation was done for 24 h at pH and temperature
of 7 and 37°C respectively. The cultures were withdrawn at 1 h interval and the concentration of
biomass was determined using UV-VIS spectrophotometer. Each experiment was repeated
thrice.

4.23. Determination of the effectiveness of millet inulins for the growth of Lactobacillus
casei (2651 1951 RPK)

Batch studies were conducted in three 250 mL conical flasks using 100 mL modified MRS
medium containing lactose and different millet inulins. The concentration of millet inulin and
lactose in the MMRS medium in each conical flask were maintained at the optimum levels, as
determined under section 6.B.1. The pearl millet inulin, finger millet inulin and great millet
inulin were respectively used in the first, second and third flasks. Each flask was seeded with
10% (v/v) stock culture of Lactobacillus casei. The flasks were kept in an incubator for 24h at
37°C. The cell concentration in each flask was measured using spectrophotometric method
determining the optical density of the growth medium at 600 nm. The cell concentrations of
growth medium in three flasks at 24h were compared to identify the most effective millet inulin

for the growth of Lactobacillus casei.

4.24. Antibiotic Sensitivity

The sensitivity of the selected microorganisms, Lactobacillus casei towards a common antibiotic
namely, norfloxacin was tested using well diffusion method. MRS agar plate containing 20 g/L
glucose and MMRS agar plate containing optimum concentrations of glucose and inulin
corresponding to maximum specific growth rate and the zone of inhibition was measured in each
plate. In each plate 0.1 g norfloxacin was applied in the well. The Lactobacillus casei cell culture

was spread with a glass spreader. The plates were kept in an incubator at 37°C for 24 h.

4.25. Prebiotic activity score

Both the bacterial strains namely, probiotic, Lactobacillus casei and Escherichia coli were grown
in MRS and MMRS media containing 20 g/L glucose and 20 g/L inulin as carbohydrate source
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respectively. The inocula (0.1%) of probiotic bacteria and Escherichia coli were obtained from
the pre-adapted stock cultures of the respective strains. The growth cultures were incubated for
24 h at 37°C. The cell concentrations at the initial condition and after 24 h were determined for
each growth medium using spectro-photometric method. Separate sets of experiments were
conducted using commercial inulin and the most effective millet inulin as the carbohydrate
source in the MMRS medium. The prebiotic activity score for both commercial and millet inulin

were determined by using the Equation (5.2) (Theoretical analysis section) [15].

4.26. Co-entrapment and entrapment of Lactobacillus casei (2651 1951 RPK) with and
without inulin

The protocols described by Chan et al, 2011 and Yoo et al, 1996 was principally followed [16,
17] for the entrapment and co-entrapment. Lactobacillus casei cultures, pre-adapted to lactose
and commercial inulin were respectively spiked up to 20 g/L lactose and 0.3225 g/L commercial
inulin and were individually mixed with 2% sterile sodium alginate solution in the volumetric
ratio of 1:4. Each mixture was then added drop wise into a 1% CaCl, solution at room
temperature and stirred continuously. The beads containing entrapped Lactobacillus casei and
co-entrapped Lactobacillus casei and inulin were allowed to harden and were washed with saline

water and stored at 4 °C. The size of the beads was determined using optical microscope.
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Figure 4.2: Schematic representation of co-entrapment and entrapment of Lactobacillus
casei (2651 1951 RPK) with and without inulin

4.27. Co-encapsulation and encapsulation of Lactobacillus casei (2651 1951 RPK) with and
without inulin through external gelation

For the co-encapsulation and encapsulation of Lactobacillus casei with and without inulin, via
external gelation method, the protocol suggested by Song et al, 2013 have been principally
followed [18]. Lactobacillus casei cultures, pre-adapted to lactose and commercial inulin were
spiked with the respective carbohydrates up to the concentration levels as used for pre-
adaptation, i.e., 20 g/L and 0.3225¢g/L for lactose and inulin respectively. Each culture was mixed
with sodium alginate solution in the volumetric ratio of 1:4. 1 mL of the mixture was stirred with
5 mL of vegetable oil (rice bran oil). Tween 80 (emulsifier) and SDS were added to the resulting
solution to maintain their concentrations at 0.2 % and 0.25 % respectively. This mixture was then
stirred at 200 rpm for 30 minutes. CaCl, was added quickly but gently down the side of a beaker,
in which the mixture was taken. The formed micro-beads were kept undisturbed for 30 minutes.
They were then filtered with muslin cloth. Finally, the microspheres were washed with 0.9%
saline water containing 0.05% glycerol. The washed micro-beads were stored at 4°C. The size of

the microcapsules was determined through microscopic analysis.
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Figure 4.3: Schematic representation of co-encapsulation and encapsulation of

Lactobacillus casei (2651 1951 RPK) with and without inulin through external gelation

4.28. Co-encapsulation and encapsulation of Lactobacillus casei (2651 1951 RPK) with and

without inulin through internal gelation

The protocol suggested by Song et al, 2013 and Ribeiro et al, 2005 was principally followed with
some modifications for the encapsulation of cells through internal gelation method [17, 18].
Lactobacillus casei cultures pre-adapted to lactose, commercial inulin and the millet inulin, most
effective for the growth of the probiotic microorganism, were at first spiked with the respective
carbohydrate sources as described in case of entrapment and external gelation i.e., up to 20 g/L
and 0.3225 g/L for lactose and inulin samples respectively. Each culture was then individually
mixed with 2 % sodium alginate solution in the volumetric ratio of 1:4. CaCO3; powder and
Tween-80 were added to each mixture up to a concentration level of 0.8 g/L and 0.5 % (v/v).
This mixture was then combined with vegetable oil (rice bran oil) in the volumetric ratio of 1:5
and stirred at 300 rpm for 30 minutes. The temperature of the mixture was maintained at 25 °C

by circulating water from a constant temperature bath and acetic acid was next added drop wise
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to the solution to release the Ca** from the insoluble CaCOs powder. Microcapsules were formed
and were filtered with muslin cloth and washed with 1% (v/v) aqueous tween 80 solution and
distilled water. The microcapsules were then stored at 4 °C. The size of the microcapsules was

determined through microscopic analysis.
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Figure 4.4: Schematic representation of co-encapsulation and encapsulation of

Lactobacillus casei (2651 1951 RPK) with and without inulin through internal gelation
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4.29. Size Analysis of Beads and Microcapsules

Samples of 10 beads and microcapsules were chosen randomly from the respective total
population and the mean size was determined using the optical microscope. The mean of three
samples chosen from each population of microcapsules and beads was determined along with the

standard deviation.

4.30. Determination of Entrapment and Encapsulation efficiencies (Ee)

Microcapsules, weighing 0.1 g, were put in phosphate buffer (pH-7).These were rotated at 15000
rpm using a high speed homogenizer for 60 seconds.1lmL of the homogenate was then 10 fold
diluted with sterile peptone water and 0.1 mL of the final solution was spread plated on MMRS
agar. The plates were incubated at 37°C for 24 hours. The numbers of viable bacteria, released in
the homogenate, were determined by counting the bacterial colonies. The initial bacterial count
in the culture used for entrapment or encapsulation was also determined by spread plate method
followed by colony counting. The entrapment and encapsulation efficiency were determined
using the original cell counts and the viable cell counts in the homogenate. The entrapment and
encapsulation efficiencies were calculated by using Equation (5.8) of Theoretical analysis

section.

4.31. Optimization of the efficiency of Microencapsulation through Internal Gelation

A statistical model correlating the response variable, encapsulation efficiency (E¢) of internal
gelation process with the independent factors, namely, alginate concentration (1-2%), emulsifier
concentration (Tween 80) (0.5-1.5%) and post cooling temperature (15-25°C) was developed
using response surface methodology (RSM). For this purpose, a set of 20 experiments was
conducted at different combinations of independent variables, pre-set by central composite
design. The development of model equation using RSM and the optimization of inulin yield were

carried out using Design Expert software 7.0.

4.32. Antimicrobial activity

The antimicrobial activity of Lactobacillus casei -inulin entrapped or encapsulated in calcium

alginate bead or microcapsules was determined against Escherichia coli (2065ATCC 8739).
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Different concentrations of Lactobacillus casei -inulin conjugate beads or microcapsules, were
applied to the well of MRS agar plate (containing 20 g/L glucose). The plates were kept in an
incubator at 37 °C for 24 h. The antimicrobial activity was determined by measuring zone of
inhibition against selected pathogen, Escherichia coli.

4.33. Determination of “Release time” of Lactobacillus casei (2651 1951 RPK) from the
beads or microcapsules suspended in lactose rich green coconut water and MMRS medium

39 beads and capsules, synthesized via the aforementioned methods, were suspended in 30 mL of
MMRS and lactose rich (20g/L) green coconut water in 50 mL conical flasks. The mixture was
incubated under anaerobic condition at 37°C for 60h. The content of the conical flask was
observed periodically so as to obtain the times at which the capsules are burst and there by the
turbidity increases abruptly due to the release of the entrapped cells. Each experiment was

repeated thrice.

4.34. Determination of “Release time” of Lactobacillus casei (2651 1951 RPK) from
prebiotic-probiotic microcapsules (Internal gelation) in simulated saliva and Gl juices

Microcapsules containing a mixture of Lactobacillus casei and commercial inulin were used for
this assay. For obtaining the “release time” of probiotic cells from the capsules in the simulated
saliva solution, “gastric juice”, and small and large intestinal juices, the microcapsules weighing
3 g were suspended in 30 mL of each medium in a 50 mL conical flask and the mixture was
incubated under anaerobic condition at 37 °C for 60 h. The content of the conical flask was
observed periodically so as to obtain the times at which the capsules burst and thereby the
turbidity increases abruptly due to the release of the entrapped cells. Each experiment was

repeated thrice.

4.35. Operation of Three stage bioreactors simulating the human GI tract

Three continuous stirred tank bioreactors representing the
“stomach”, the “small intestine” and the “large intestine” of volumes 300 mL, 1 L and 5 L

respectively were connected in series. As per literature data the passage time of microcapsule in
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the stomach, small intestine and large intestine are 80.5 mins, 3.2+ 1.6 h and 6-32 h [2]. Initially
the reactors representing stomach, large and small intestine were filled up respectively with
gastric, small intestinal and large intestinal juices and were sparged with nitrogen to maintain
anaerobic condition. The “stomach” biorecactor was fed with 30g probiotic-prebiotic
(Lactobacillus casei (2651 1951 RPK)-inulin) microcapsules, already soaked in saliva solution
for 30 minutes, so that the concentration of microcapsules in gastric solution was 0.1g/L
[20].The stomach was fed and emptied at a constant volumetric flow rate of PBS solution of 3.72
mL/min using peristaltic pumps and the effluent was fed to the next bioreactor, i.e., the “small
intestine”. The effluent from this reactor was fed to the bioreactor representing “large intestine”
from which the outlet was withdrawn at the same volumetric flow rate. The reservoir for PBS
was also sparged with nitrogen to maintain anaerobic condition. The pH of each reactor (pH=2
for “Stomach”; pH=8 for “small intestine” and pH=7 for “Large intestine”) was adjusted
continuously by 0.1 M HCI and 0.1 M NaOH. The values of hydraulic retention time of liquid in
the reactors, namely stomach, small intestine and large intestine are 80.6 min, 4.48 h and 22.4 h
respectively. Therefore, the total retention time in the simulated GI system was 1694min. The
effluent from the large intestine was collected in a reservoir. Fluid samples were withdrawn from
each reactor at 50 min interval and the release of probiotics was monitored by measuring the
optical density using a spectro-photometer at 600nm. The concentration of microcapsules in each
reactor was measured after 2000 minutes, which was much greater than the total retention time in

the simulated GI system.

4.36. Application of beads and Microcapsules in Indian food

4.36.1. Preparation of Indian cottage cheese for milk cakes

Indian cottage cheese (chhena) was prepared from 1L milk. Firstly the milk was allowed to boil,
followed by addition of lemon juice into it stirring continuously. When the milk curdled well,
cottage cheese was strained using muslin cloth and washed with water. After removing the
excess water, 200 g chhena was obtained. The chhena was added to a pan and was mixed well
with sugar and cardamom powder on a low flame until a mixture of thick consistency was

obtained. The mixture was then cooled and kneaded properly and was autoclaved at 120 °C.
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4.36.2. Preparation of milk cakes with and without fortification with probiotic or probiotic-

-prebiotic microcapsules

The sterile 200 g chhena, as described above, was divided into eight parts—first part was mixed
with probiotic Ca-alginate beads spiked by lactose; second part was mixed with Ca-alginate
beads spiked by commercial inulin; third part was mixed with probiotic microcapsules (external
gelation) spiked by lactose; fourth part was mixed with probiotic microcapsules (external
gelation) spiked by commercial inulin; fifth part was mixed with probiotic microcapsules
(internal gelation) spiked by lactose; sixth part was mixed with probiotic microcapsules (internal
gelation) spiked by commercial inulin; seventh part was mixed with probiotic microcapsules
spiked by millet inulin, most effective for the growth of the probiotic microorganism and the
eighth part was kept unfortified. From each part, one milk cake weighing 25 g was prepared
using sterile molds. All operations for the preparation of milk cake were conducted in an UV-
sterilized hood. During the fortification 10 % (w/w) beads or microcapsules were used. The milk
cakes are shown in Figure.4.5. All milk cakes were wrapped with sterile aluminium foils

(Figure.4.5) before preservation.

Figure 4.5: Indian sweet (milk cakes) samples (a) wrapped by aluminium foil (b) original
sample
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4.36.3. Preparation of jaggeries with and without fortification with probiotic or probiotic--
prebiotic microcapsules

The sterile 40 mL jaggery, was divided into eight parts—first part was mixed with probiotic Ca-
alginate beads spiked by lactose; second part was mixed with Ca-alginate beads spiked by
commercial inulin; third part was mixed with probiotic microcapsules (external gelation) spiked
by lactose; fourth part was mixed with probiotic microcapsules (external gelation) spiked by
commercial inulin; fifth part was mixed with probiotic microcapsules (internal gelation) spiked
by lactose; sixth part was mixed with probiotic microcapsules (internal gelation) spiked by
commercial inulin; seventh part was mixed with probiotic microcapsules spiked by millet inulin,
most effective for the growth of the probiotic microorganism and the eighth part was kept
unfortified. From each part, one jaggery weighing 5 mL was prepared using sterile molds. All
operations for the preparation of jaggery were conducted in an UV-sterilized hood. During the
fortification 10 % (w/w) beads or microcapsules were used. All jaggeries were distributed in

sterile vials (Figure.4.6) before preservation.

Figure 4.6: Indian jaggeries distributed in sterile vials before preservation
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4.36.4. Viability assay of the probiotic cells in food products

The fortified Indian milk cakes were stored at 4 °C and -20 °C over a period of 4 weeks.
Unfortified samples were used as controls. Viability assay was performed every one week
interval as per the following protocol: in an UV-sterilized hood, 5mL of phosphate buffer was
first mixed with 1 g of food samples and then 1ml from this mixture was serially diluted with
peptone water by 10 fold for six times. 0.1 ml of the diluted mixture was plated on MRS agar
using spread plate technique. The agar plates were incubated under anaerobic condition for 24 h
at 37 °C and the colonies on each plate were counted. According to this technique the
concentration of cells per milliliter of the original phosphate buffer solution of the food sample
10’ times the count obtained from the spread plate method [21]. Since 1 g of food sample was
originally present in 5mL phosphate buffer, the concentration of cells in the food sample is 5*10’

times that obtained from spread plate method.

All experiments were carried out in triplicate and the averages of three replicate experimental

results have been reported.

81



Chapter 4 |Materials & Methods

REFERENCES

1. http://garlicmatters.com/how-to-grow-garlic/garlic-plant-structure/

2. Cook, M. T., Tzortzis, G., Charalampopoulos, D., and Khutoryanskiy, V. V. (2011)
“Production and Evaluation of Dry Alginate-Chitosan Microcapsules as an Enteric
Delivery Vehicle for Probiotic Bacteria”. Biomacromolecules, 12(7), 2834-2840.

3. Rojas, M.L., Trevilin, J.H., Funcia, E.d.S., Gut, J.A.W., Augusto, P.E.D. (2017) “Using
ultrasound technology for the inactivation and thermal sensitization of peroxidase in
green coconut water”. Ultrasonics Sonochemistry, 36, 173-181.

4. Gbassi, G.K. and Vandamme, T. (2012) “Probiotic Encapsulation Technology: From
Microencapsulation to Release into the Gut”. Pharmaceutics, 4, 149-163,
doi:10.3390/pharmaceutics4010149.

5. Teris, A.V.B., Paul, M., Bonnie, M.K., Edith, L., Alphons, G.J., Voragen, A.D.G. (1990)
“Bitter sesquiterpene lactones from chicory roots”. Journal of Agricutural Food
Chemistry, 38, 1035-1038.

6. Druart, N., De Roover, J., Van den Ende, W., Goupil, P., Van Laere, A., Rambour, S.
(2001) “Sucrose assimilation during early developmental stages of chicory (Chicorium
intybus L.) plants”. Planta , 212, 436-43.

7. Mavumengwana, V.B. (2004) “Isolation Purification and Characterisation of inulin and
fructo-oligosaccharides from Chicorium intybus and inulinase from Aspergillus niger”.
Thesis for the degree of M. Sc. Department of Biochemistry, Microbiology and
Biotechnology, Rhods University.

8. Samanta (Koruri), S., Banerjee, D., Chowdhury, R., Bhattacharya, P. (2014) “Studies on
prebiotic food additive (inulin) in Indian dietary fibre sources garlic (allium sativum),
wheat (triticum spp.),0at (avena sativa) and dalia (BULGUR)”. International Journal of
Pharmacy and Pharmaceutical Sciences, 6 (9).

9. Singh, M.K., Sharma, S.L. (2008) “Quantitative estimation of some metabolites and
enzymes in insect induced leaf galls of Mangifera indica”. Asian Journal Experimental
Sciences, 22(3), 343-346.

82



Chapter 4 | Materials & Methods

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Chapin, K.C., Lauderdale, T.L. (2003) “Reagents, Stains and Media: Bacteriology”. In
Manual of Clinical Microbiology, 8th edition, American Society for Microbiology:
Washington, DC, USA, pp. 15-35.

Wiley, J. and Sons, Inc. (2011) “Degree of Polymerization”. Encyclopedia Of Polymeric
Sciences and Technology, DOI: 10.1002/0471440264.pst444 Copyright © 2002.

Irene, A., Rubel Ethel, E. P., Diego, B. G., Guillermo, D. M. (2014) “In vitro prebiotic
activity of inulin-rich carbohydrates extracted from Jerusalem artichoke (Helianthus
tuberosus L.) tubers at different storage times by Lactobacillus paracasei”. Food
Research International, 62, 59-65.

Simonovska, B. (2000) “Determination of Inulin in Foods”. Journal of AOAC
International, 83, 3.

Curcio, S., Ricca, E., Calabro, V. and lorio, G.(2014) “Effect of the Degree of
Polymerization of Inulin on the Rate of Hydrolysis Using Immobilized Inulinase”. Food
Technology and Biotechnology, 52 (3).

Huebner, J., Wehling, R.L., Hutkins, R.W. (2007) “Functional Activity of commercial
probiotics”. International Dairy Journal, 17,770-775.

Chan, E.S., Wong, S.L., Lee, P.P., Lee, J.S., Ti, T.B., Zhang, Z. (2011) “Effects of starch
filler on the physical properties of lyophilized calcium-alginate beads and the viability of
encapsulated cells”. Carbohydrate Polymer, 83, 225-232.

Yoo, I.K., Seong, G.H., Chang, H.N. and Park, J.K. (1996) “Encapsulation of
Lactobacillus casei cells in liquid-core alginate capsules for lactic acid production”.
Enzyme and Microbial Technology, 19,426-433.

Song, H., Yua, W., Gaoa, M., Liub, X., Maa, X. (2013) “Microencapsulated probiotics
using emulsification technique coupled with internal or external gelation process”.
Carbohydrate Polymer, 96,181-189.

Ribeiro, A.J., Silva, C., Ferreira, D., Veiga, F. (2005) “Chitosan-reinforced alginate
microspheres obtained through the emulsification/internal gelation technique”. European
Journal of Pharmaceutical Sciences, 25, 31-40.

Sathyabama, S., Ranjithkumar, M., Brunthadevi, P., Vijayabharathi, R.,

Brindhapriyadharisini, V. (2014) “Co-encapsulation of probiotics with prebiotics on

83



Chapter 4 |Materials & Methods

alginate matrix and its effect on viability in simulated gastric environment”. LWT - Food
Science and Technology. 57. 419-425.

21. Doran, P.M. (1995). Bioprocess Engineering principles, Elsevier Science & Technology
Publishers.

84



Chapter 5
THEORETICAL ANALYSIS







Chapter 5 | Theoretical Analysis

5.1. Prebiotic activity score

As described by Huebner et al. [1], the Prebiotic Activity Score (PAS), a quantitative measure of

the effectiveness of any prebiotic material, is defined as follows:

N. N.
log ]\]724 prebiotic log 724 prebiotic
PAS =| ——— - | (5.1)
log—2* log—2*
Og glucose g N glucose
0 ‘probiotic 0 ‘E.coli

Where Nys= Number of cells of probiotic bacteria or E. coli in 24 h growth culture in medium
containing either a prebiotic compound or glucose as the carbohydrate source.

No= Number of cells of probiotic bacteria or E. coli in the initial growth culture.

Under the present study, concentrations of cells have been used instead of number of cells.

Therefore, the definition of PAS reduces to the following:

C C
log = prebiotic log C724 prebiotic
PAS = 0 ; 0 (5.2)
log 24 log C24
CO glu cos e B CO glu cos e ‘ A
probiotic E .coli

C,4 = Concentrations of cells of probiotic bacteria or E. coli in 24 h growth culture using in
medium containing either a prebiotic compound or glucose as the carbohydrate source.

Co= Concentrations of cells of probiotic bacteria or E. coli.

5.2. Growth Kinetics of Lactobacillus casei (2651 1951 RPK) on single carbon source

In order to regress the cell growth dynamics of L. casei on single carbon source, the classical

Monod type substrate uninhibited unstructured model has been attempted first. The equation is as

follows:
1 Cy
7K +cC G

This on rearrangement becomes

1 K, 1 1
JRR— - — (533)
L N O 1

where, W is specific growth rate defined as follows:
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__1 dCy
H=c, dt

(5.4)

Hm= Maximum specific cell growth rate, Time™

Ks= Substrate saturation constant, mass/volume

C,= Concentration of lactose, mass/volume

Cx= Concentration of cell, mass/volume

A double reciprocal plot has been made using inverse of initial values of p and Cs as ordinate and
abscissa respectively. If the double reciprocal plot is linear, the values of intrinsic kinetic
parameters, Umax and Kg have been determined from the intercept and the slope.

Haldane type model has been attempted if Monod model is not valid and substrate inhibition is
present. Haldane equation is as follows:

Mo ©
y o= Hmds (5.5)

Ko+Cot =5
S S K|
Where, K= Inhibition constant, mass/volume

At the initial concentration of substrate C, corresponding to the maximum value of p [2],

Cs. = (KK )™ (5.6)

The validity of Haldane model is verified by the analysis of the pattern of the plot of p against
the corresponding initial substrate concentration. A bell-shaped plot is obtained if the Haldane
model is valid. After verifying the validity of Haldane model, the values of kinetic constants,
Mmax @nd Ks have been determined by making the double reciprocal plot using the values of
inverse of w and Cs in the uninhibited growth region, i.e, by using the specific growth rates

corresponding to initial substrate concentrations belowC, . The value of K, has been

determined using the Equation 5.6.

5.3. Growth Kinetics of Lactobacillus casei (2651 1951 RPK) on two carbon sources (Inulin

and Lactose)
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Under the present study, the growth Kkinetics of L. casei in a medium containing two
carbohydrate sources, namely, inulin and lactose have been determined by attempting summative

model [3]. The summative type kinetic equation for the growth of L. casei is as follows:
[ T O (5.7)

Where,

M= Specific growth on lactose

K= Specific growth on inulin

The validity of the summative model is verified by the comparison of the experimental and
simulated values of specific growth rates at different combinations of values of lactose and

inulin.
5.4. Encapsulation efficiency

Encapsulation or entrapment efficiency (E.) is calculated using the following correlation [4, 5]:

e

Nf
E, =" x100 (5.8)

1
Where, E. represents the encapsulation/entrapment efficiency, Nt is the number of viable bacteria
released in the homogenate of microcapsules/beads and N; is the number of bacteria used for

encapsulation/entrapment.

5.5. Optimization using Response Surface Methodology (RSM)

Statistical analysis has been done to correlate different response parameters with the influencing
factors using Response surface methodology. Design-Expert 8.1(Stat-Ease, Inc., Minneapolis,
USA) software has been used for this purpose. Composite Design of experiments has been done
by using central composite design. In order to investigate the effects of individual parameters as
well as their interactive effects on the response variable, a general second order polynomial
response surface model was selected and is expressed by Equation (5.9):

Yy = ka + Zbkixi + Zbkiixi2 + ZZbkijxixj (5.9)
i=1 i=1

i=1 j=1
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Where, Yy is response variable, by is a constant intercept; by, biii, and by are the linear,
quadratic and interaction regression coefficients, respectively. X; and X represent the coded
values of the process variables (factors). The regression Equation (5.9) was considered for
simultaneous multiple optimizations in order to maximize Yy using the numerical optimization
program of the same Design Expert software 8.1.

The adequacy of the fit and the significance of the terms in the have been performed through
Fischer-F test and Student-t test respectively. The results have been provided in ANOVA tables.

5.5.1. Optimization of the parameters for pearl millet inulin yield

The yield of inulin extracted from pearl millet has been maximized with respect to operating
variables, namely, temperature, concentration of HCI and heating period using RSM.

The face centered central composite design (FCCD) was used to design the experimental runs to
optimize i.e., g inulin extracted/ g natural resource used, the yield of inulin with respect to
temperature, HCI concentration and heating period in terms of +1 levels created by entering the
factors. To ascertain reproducibility of the data, each experimental run was conducted in
triplicate. Face-centered CCD has been used for the optimization study of extraction process of
inulin where extraction temperature was varied from 24-70°C, HCL concentration was varied
from 0.5-2 M and heating period was varied from 20 - 180 min. In a typical experimental run, all
the operating variables were pre-set at predetermined design values and the corresponding value
of yield of inulin was determined. The experiments were conducted randomly to avoid
systematic biasness. A model equation correlating the inulin yield and the above mentioned
independent factors was developed using RSM and the extraction conditions was optimized

using Design Expert software 8.1.

5.5.2. Optimization of growth of Lactobacillus casei (2651 1951 RPK) with respect to
Concentrations of inulin and lactose

The specific growth rate of Lactobacillus casei has been correlated to the concentrations of

inulin and lactose and subsequently optimized using response surface methodology.

5.5.3. Optimization of Encapsulation efficiency

89



Chapter 5 | Theoretical Analysis

The efficiency of microencapsulation (E.) of L. casei through internal gelation method has
been correlated with three important factors, namely, alginate concentration (1-2%), emulsifier
concentration (Tween 80) (0.5-1.5%) and post cooling temperature (15-25°C) using RSM
technique. The response variable, i.e., E. has been maximized with respect to the independent

variables.

5.6. Mathematical Model for the Prediction of “Release time” of microorganisms from
Immobilized Prebiotic/probiotic Beads and Microcapsules in simulated large intestinal
fluid

The cells are released to the “gut” environment as soon as the volume of biotic phase, i.e., the
cells exceed the internal volume of the microcapsules. Thus, it is proposed that “burst release”
mechanism [6], characterized by pulse release of the encapsulated active, is followed. This is
shown in Figure 5.1. This is justified by the fact that due to large dimensions with respect to the
pores of microcapsules, the trans-boundary diffusion of cells driven by concentration gradient is
not possible. Thus, the cells are released through the rupture of the capsules as soon as the
internal core volume of the capsules is exceeded by the biotic cell volume. The burst release of

active molecules has already been reported for hydrogel systems [6].

o0
° °o?
Oo o O (o]
N > || Lo° o
00 o 0
o o o
o

“Burst-off”

Figure 5.1: Bursting of microcapsules or beads/Release of Probiotic Cells

It is assumed that the microcapsules and beads suspended in simulated large intestinal fluid of

pH=7 behave like batch type bioreactors. As suggested by Doran, the specific growth rate, p, in

90



Chapter 5 | Theoretical Analysis

the batch culture remains almost constant and is equal to pmax [7]. Thus, for the present case, the

specific growth rate of L. casei on lactose and inulin may be represented as

M:meL+umxl (510)

The decaying rate of the probiotic cells within the microcapsules is negligible.
Mathematically, the number of cells encapsulated within a particular bead can be predicted using

the assumption of balanced growth during exponential growth in a batch reactor. Under balanced
.. : 1 dN . :
growth condition, the cell number specific growth rate v = N dt is equal to the specific growth

1 d
rate,uzc—d—tx, calculated on the basis of cell biomass[8]. Therefore, by expressing the
X

dependence of rate of increase of cell number on the total cell number by Malthusian model [8],
N
N
dt (5.11)
The initial condition is
Att=0,N=Nj (5.12)

Integrating, Equation 5.12, we get

N t
dN
IFZMI dt (5.13)
Ny 0
Or,
N =N e" (5.14)

Incorporating the encapsulating efficiency, E. in the Equation 5.13,
N, =NE, (5.15)

Where, N; is concentration of cells (number basis) in the stock culture from which the beads or

capsules were formed. Hence, Equation 5.14 reduces to the following form:
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N=N.E_e" (5.16)

Using assumption 1, p is replaced by p,. ; 1.
Therefore, Equation 5.16 reduces to the following form:

N:NiEee(umaXL+umaXl)t (5.17)

When N >N;; i.e, the cell number exceeds a certain critical value, the capsules burst, releasing
entrapped L. casei. To predict N,, we assume that bursting of the beads occurs when the entire
inner core of the capsule is completely filled with L. casei cells. Therefore, mathematically:

" capsule
N, = —come

Veen (5.18)

Where; Vapsule: Volume of the inner core, i.e., the aqueous part of the capsule.
Vei: Volume of an individual L. casei cell.

Therefore,

Nr — NiEee(unlaxL+unlaxI)tr (5 . 1 9)

Where, t, is the release or bursting time.

( h )
N.E,
t =— (5.20)
HmaxL + l’lmaxl

In

The value of t; may be determined using Equation 5.20 for beads and microcapsules produced by

internal and external gelation.

5.7. Mathematical model for the evaluation of In-vitro concentration profiles of
microcapsules (internal) and released probiotics in the simulated GI system

The mathematical model for the GI system has been developed using the concepts of
combination of reactors, as used by pioneering researchers [9-11]. Although from the literature it
is apparent that the activity of the stomach during the digestion of slurries containing polymeric
solids is periodic in nature, the stomach, the small intestine and the large intestine have been

considered as continuous stirred stank bio-reactors under transient condition.
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The route followed by the microcapsule within the human gastro-intestinal tract may be

schematically represented as follows:

PBS

pH=2
Stomach Small intestine Large intestine
—> O 00 o — 0 9 o0 5 0 0 o >
00~, 620 50 0%90-~0
(o) OOO 0 O © o) 0 0 0 0

Figure 5.2: Schematic representation of simulated human gastro-intestinal tract

(O: Microcapsule, The dots represents probiotic cells released from microcapsules,

@B: Magnetic stirrer

The mathematical model has been developed using the following assumptions:

1.

The probiotic cells does not grow within the microcapsules during their passage through
stomach (pH= 2.0) and small intestine (pH = 8). This has been justified by the
experimental verification using simulated gastric and small-intestinal juices.

The change of structure of microcapsules in stomach and hence the “mechanical
destructive force for size reduction” is neglected. This may be justified by the fact that
the size of food ingredients >1mm is reduced in the stomach [12, 13].

Enzymatic dissolution and subsequent absorption in the small intestine, which usually
occur in case of digestion of food materials, have been neglected for microcapsules. This
has been verified by experimental study.

The release of cells from the microcapsules in the “large intestine” reactor follows the
same behavior as described in section 5.6. The release of cells from the microcapsule

may be represented by the following equation:

Mc - pX (5.21)
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€C_ %

Where, Mc and X stand for microcapsule and probiotic cells respectively, “p” represents
the number of probiotic cells released at the time of bursting of microcapsules.

At any time greater than release time of cell from microcapsules, i.e., t;, there will be two
types of microcapsules, namely, ruptured and un-burst ones. Therefore, for t>t,

Cuie, = Cricrr T Crtcyny (5.22)
The stomach, small intestine and large intestine represented by CSTBRs are under
dynamic conditions and never attain steady state.

Although the GI fluids are non-Newtonian in nature [13], Newtonian behavior has been
assumed for the simplification of the model.

The exit of probiotic microorganisms from the large intestine is negligible. This may be
justified by the fact that the probiotic bacteria in the large intestine adhere to the mucus
for further action [10].

The balance equations for the concentration of microcapsules and probiotic cells in the

reactors representing “stomach”, “small intestine” and “large intestine” are provided in

Table 5.1.
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In Equations 5.30, 5.31, 5.32 and 5.33, (n+1) and ((n) represent the conditions at n™ and (n+1)"

time grids when the time domain is divided into equal intervals equivalent to the experimental

€C .9

value of the release time t;, of the probiotic cells. In Equation 5.33, “p” represents the number of
cells available from 1 g of microcapsule produced through internal gelation and is equal to
150.41E9. The Equations 5.23 to 5.33 of Table 5.1 have been solved using ode45 of MATLAB

7.The initial conditions and the values of the constants have been provided in Table 5.1.

5.8. Mathematical Model Probiotic Microcapsules and Beads suspended in lactose-rich
MMRS medium and green coconut water: Prediction of internal concentration profiles and
release time

The bead or microcapsule has been schematically represented in Figure 5.3.

External oil layer

\I Entrapped L. casei cells
< !' O
Aqueous alginate core

/
L

Figure 5.3: Schematic representation of a microcapsule
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5.8.1. Schematic Representation of Microcapsules/Beads

Although thorough washing of oil has been done, the external layer of oil is present in case of
microcapsules obtained via internal/ external gelation, not in case of beads synthesized via direct
entrapment.

As shown in Figure 5.3, a differential volume element, enclosed within r and r + Ar, has been
considered. The following assumptions have been made:

1. The diffusion of lactose occurs from the bulk, into the interior of the capsule and bead.

2. Lactose is the only limiting carbohydrate responsible for the growth of immobilized L.
casei suspended in lactose-rich green coconut water and MMRS.

3. The mass transfer resistance due to oil layer is negligible for the transport of lactose from
the exterior to the internal core of the microcapsules. This may be justified by the fact
that the oil layer is thoroughly washed and hence its thickness is almost negligible.

4. The bulk concentration of lactose in the MMRS medium and the lactose-rich green
coconut water remains constant over the whole period of incubation. This is justified due
to low diffusion and consumption rates of lactose with respect to its total quantity of
originally present in the system.

Therefore, the mathematical formulations of the concentration profiles for beads and beads are

same. By performing the lactose balance over the differential volume element for time At:

2 2 2 aCl 2 aCl 2
4nr°ArC,| ., -4mnr ArCl‘t =( -D 4nr o )|, T(D 4nr o MNioar T4 A, )AL
r r
(5.34)
Where, C,|,,,, and C,|, are the concentration of lactose at time t+At and t; C,|,, and

Cl‘r are respectively the values of lactose concentration at radius r+Ar and r; D is the

diffusivity of glucose in Ca-alginate, 1jis intrinsic reaction rate and 1 is the effectiveness factor
[14].
Dividing both sides of Equation 5.34 by 47 Ar At and limiting Ar —0 and At —0;

] 2 aC
—(r2CL)=;( D 1’ arL ) +rinr, (5.35)
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Or, by dividing both sides of Equation 5.35 by 1%,

<9CL_D(E<9CL+<92CL .
at r ar  ar’ )
Where,

1 (dcxj
==
Y, \ dt

(5.36)

(5.37)

Where, Yy is the yield coefficient of biomass growth with respect to lactose

Since the growth of L. casei simultaneously on lactose follows Monod model,

dCy _ Mo L Co
dt Ky +C,

Thus, Equation 5.38 reduces to,

l’lmax LCL
KSL + CL

N
Yy

( )

The initial and boundary conditions are as follows:

e [C( Initial Condition): 1) At t=0; Cp =0; 0<r<R

i1) At t=0; Cx =2.17 g/L; 0<r<R

dC
e B.C ( Boundary Condition): i) At r=0; ——

0;t=0
dr o

i) Atr=R;C, =C, =20g/L;t= 0

(5.38)

(5.39)

(5.40)

(5.41)

The above set of partial differential equations, coupled with their B.C’s and 1.C’s; have been

solved using MATLAB R2010a to predict the concentration profiles of biomass and lactose

within the microcapsules (internal and external) and beads. The “Release time” corresponding to

the maximum concentration of biomass in the immobilized matrix, as described under section

6.E.3, has been determined for all cases.

98



Chapter 5 | Theoretical Analysis

5.9. Cost analysis

Cost analysis of a small process plant for the production of pearl millet inulin under optimum

condition has been performed. The small plant is constituted of the units detailed in Table 5.2.

Table 5.2: Units of small plant

Unit Quantity | Capacity | Power Rating Cost Write-
(PR) (1$ =Rs. 67.93) off
(in W) (INR) &) Period
(Years)

Mixer-Grinder 5 I.5L 750 10000 147.20 2

Heating Mantles 10 1.0L 100 3000 44.16 1

Magnetically 20 2.0L 500 10000 147.20 1

stirred vessel

Refrigerator 2 190L 400 20000 294.40 3

Rotary  vacuum 1 5L 60 1000000 | 147198.45 3

evaporator

Freeze dryer 1 23kg 350 100000 | 14719.845 3

over 24 h

The schedule of plant operation is as follows

Table 5.3: Schedule of plant operation

Working hours for the plant (nw) 8h
Working days per year(ngy) 280

Referring to the extraction scheme of inulin shown in Figure 4.1, each stirred vessel placed on a
heating mantle handles 100 g of prebiotic, pearl millet suspended in slurry of 500 ml in 1 h.
Since, 10 heating mantles are in operation, total quantity of pearl millet which can be processed

annually (Mp,) by this small plant is calculated as follows:
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10*100%*ny, *n,

1000

M,, (kg) = (5.42)
If the fractional extraction and the purity of inulin obtained under optimum condition be denoted
by Qopt (0.4) and Py (0.473) the annual production capacity of pure inulin by the small process

plant Q;y is given by following correlation

Quu(kg) =M, * Qopt * Popt (5.43)

From the extraction scheme of inulin from pearl millet it is also clear that approximately 1 L of
water is needed to process 100 g of millet inulin. Therefore the total annual consumption of

water (Wy) for the process of inulin extraction is as follows:

0.75 *1000

W,(L)y=M, *
Y() pA 100

(5.44)

The quantity of HCI needed for 100 g of pearl millet under processing is approximately ImL.

Therefore total annual consumption of HCI (Hy) is calculated as follows:

H,(L)=M,, * 0.001*1000 (5.45)
100

The recurring cost for the plant has been calculated using the following data

Table 5.4: Recurring cost for the plant

Grid electricity tariff (Calcutta electricity supply corporation) (Ec) Rs.6.77/kWh

Annual Maintenance cost (MC,) of Freeze dryer and rotary vacuum Rs.50,000

evaporator

Manpower (2 operators) (MP4) Rs.9,00,000

Cost of water (Rs/L) Wec (Rs.6/1)

Cost of HCI (Rs/L) Hc (Rs.1000/L)

Cost of pearl millet(Rs/kg) Pc (Rs.8/kg)
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Cost of other Chemicals and filter cloth (Rs) Co (Rs.100000)

Total annual energy consumption (Ey) of the plant has been calculated considering the plant
schedule and the power rating (PR) of each unit, i.e., mixer-grinder (PRy), heating mantle
(PRym), Rotary vacuum evaporator (PRryg), Freeze dryer (PRgpp), magnetic stirred vessel

(PRwmasT), refrigerator (PRgg).
Therefore,

nw *ndY >l<(P]KMG +PRHM +PRRVE +PRFD +PRMGST +PRRF

E (kWh) = 1000 (5.46)
Total energy cost (Er) is calculated as follows:
E.=E, *E, (5.47)

Total material cost (My) is contributed from pearl, millet, water and HCI and cost of other

chemicals, filters etc (Coy), Therefore,

M, =M,, *P. + W, *W. +H, *H. +C,, (5.48)

The total annual recurring cost (Rcy) is the summation of energy cost (Ey), Material cost (My,

manpower cost (Mpy) and the annual maintenance cost (Mcy)

Ry =Ey t+ M,y + M + My (5.49)

Total annual fixed cost (FCy) has been incurred by the investment cost for the equipment,
namely, mixer-grinder (FCyg), heating mantle (FCyy), Rotary vacuum evaporator (FCryg),
Freeze dryer (FCgp), magnetic stirred vessel (FCygsr), refrigerator (FCgy), distributed manually

over the write-off period.

Therefore,
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FCy = FCMG +FCHM +FCRVE +FCFD +FCMGST +FCRF

Co Co Co Co Co Co
FCy — MG + HM + RVE + L + MGST + RF
n n

n
WmG Whm WRVE WED WMGST WRF

Where, Co = cost of equipment * number of equipment

Ny, = write-off period

Total annual cost (CT) is a summation of recurring (Rcy) and fixed cost (FCy)
Therefore,

CT =R, +FC,

(5.50)

(5.51)

(5.52)

The extraction cost (Exr) per unit kg of pure inulin may be calculated using the following

correlation.

E, =CT/Q,
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6.A. Characterization of inulin isolated from different sources

In the present investigation the prebiotic inulin a fructo-oligosaccharide has been isolated from
three different Indian millets, viz., pearl millet (Pennisetum glaucum), great millet (Sorghum
bicolor) and finger millet (Eleusine coracana). Inulin has also been isolated from the most
common natural source garlic (Allium sativum). In order to ascertain the effectiveness of isolated
desired product, an elaborate comparison has been made between the isolated inulin and the
commercially available inulin (taken as standard sample) by different instrumental analysis. The

results are given below:

6.A.1. Thin layer Liquid Chromatography (TLC) Analysis

Thin layer Liquid Chromatography has been used to analyze inulin isolated from the natural food
stuffs. Commercial inulin and the samples derived from the natural sources (garlic, great millet,
pearl millet and finger millet) have been used for this purpose. In order to standardize the TLC
procedure different quantity of inulin was subjected to TLC analysis with an intention to identify
the sample with the best spot. This is shown in Figure 6.A.1. It is observed from the figure that
0.2 g of pure inulin gives the best result for comparison. It may be mentioned that TLC picture of
inulin has been confirmed from the published literature [1].

In order to confirm the presence of inulin isolated from natural food stocks TLC analysis has
been carried out following the same procedure as in the case of pure inulin. Results are shown
for garlic and millet extracts in Figures 6.A.1 and 6.A.2 respectively. The results obtained from
the diagram clearly indicate the presence of inulin in garlic, great millet (jowar), pearl millet
(bajra) and finger millet (ragi) taken for the present investigation. The Relative Fronts, (Rs)
values of the extracts from garlic and millet sources have been compared with that obtained for
commercial inulin. Results are shown in Table 6.A.1.The closeness of R values of different

inulin extract with commercial sample confirms the presence of inulin.
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Table 6.A.1: R¢ values of prebiotic food samples and commercial inulin

Samples R; Values
Commercial inulin 0.80
Garlic 0.80
Great millet (Jowar) 0.80
Pearl millet (Bajra) 0.80
Finger millet (Ragi) 0.75

In order to determine the concentration of inulin present in the isolated samples spectro-
photometric analysis of aqueous solutions of colored spots extracted from TLC plate has been
carried out. Noting the optical density of each sample solution and comparing it with the pure
commercially available sample the concentration of the each isolated sample has been computed.
Results are shown in Table 6.A.2. It is observed that pearl millet contains maximum

concentration (47 %) of inulin.

Table 6.A.2: Concentrations of inulin in different prebiotic Indian food materials

Natural Quantity of Inulin Extract
prebiotics (powders)(%o)(w/w)
Garlic 16.60
Great millet 30
Pearl millet 47
Finger millet 32
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.05g Inulin .1g Inulin .2g Inulin .2gGarlic

Figure 6.A.1: Silica gel G plate for TLC analysis for different concentrations of hydrolyzed
products of prebiotics by 5% oxalic acid
[First three lanes are respectively 0.05 g (10%), 0.1 g (20%) and 0.2 g (40%) hydrolyzed

commercial inulin and fourth lane is 0.2 g hydrolyzed garlic solution]

Inulin Jowar Bajra Ragi

Figure 6.A.2: Silica gel G plate for TLC analysis for (0.2 g or 40%) of hydrolyzed products
of prebiotics by oxalic acid

[First lane is hydrolyzed inulin, second lane is hydrolyzed Great millet (jowar), third lane is
hydrolyzed Pearl millet (bajra), and fourth lane is hydrolyzed Finger millet (ragi) solution]
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6.A.2. Estimation of inulin in extract powder by DNS (3-5 Di-nitro salicylic acid) method

DNS method has been applied to determine the quantity of inulin content in inulin extract
powder obtained from different natural prebiotic samples. The results obtained from these
experiments are shown in Table 6.A.3. From the table it also appears that the purity of inulin
obtained from garlic is the maximum compared with the other prebiotic samples. This is due to

very low content of other carbohydrates present in garlic.

Table 6.A.3: Inulin content (%w/w) in the Natural Extract Powder

Natural prebiotic Fructose content, Inulin content, g/L Purity of inulin in
sample g/L extract powder (%o
wiw)
Garlic 276.30 248.67 99.46
Great millet 83.95 75.55 30.22
Pearl millet 131.31 118.18 47.27
Finger millet 89.31 80.38 32.15

6.A.3. Characterization of chemical bonds through FTIR (Fourier Transformed Infrared)
spectroscopy

TLC analysis of the prebiotic samples used in the present investigation has confirmed the
presence of inulin in them. To compare the chemical bonds of natural inulin with those of
commercial sample, FTIR analysis has been carried out. The FTIR chromatogram of the
commercial inulin sample (used for comparison purpose) and four other samples are shown in
Figures 6.A.3 through 6.A.7. By comparing the chromatograms the distributions of chemical
bonds in the standard sample and the samples under study have been evaluated and the results
are shown in Table 6.A.4. On closer examination it is revealed that in each of the candidate food
materials inulin is present. The chromatograms of natural extracts from garlic, great millet, pearl

millet and finger millet are similar to that of standard inulin. A close comparison of
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chromatogram (Figure 6.A.3 and Table 6.A.4) evidently indicates that the centroid of the main

maximum of pure inulin sample and the hydrolyzed samples of natural inulin extracts fall on the

wavelength between 3240 cm™ to 3433 cm™. Although the centroids of commercial inulin and

garlic inulin falls on the same wavelength between 3240 cm™to 3290 cm™ those of jowar, bajra

and ragi shift towards higher wavelength. The centroids of great millet, pearl millet and finger

millet are obtained at a higher wavelength of 3433 cm™, 3422 cm™ and 3414 cm™ respectively.

This may be due to the presence of many carbohydrates other than inulin in these food samples

[2].

Table 6.A.4: Wavelength numbers of four natural prebiotic samples

FTIR wavelength numbers

Range of functional groups

Comme Garlic Great Pearl Finger
rcial millet millet millet
Inulin
1365 1380 1383 1408 1365 and 1390 cm™ is often due to a t-Bu-group
1450 1458 1457 1547 A strong peak around 1450 cm™ indicates the presence of
methylene groups (CH,) [CH,, CH3 (bend)]
1633.71 | 1633.71 1651 1650 1653 (1620-1680) —C=C- Alkene [3];(1638.84)C=0 [4]
(1908-1960) O-H stretch first overtone, C=0 stretch
1965.46 | 1965.46 - L
second overtone, O-H stretch/O-H bend combination
1988.61 | 1988.61
(1980) Asym N-H stretch/N-H in plane bend; C-N stretch
201561 | 201561 | - ——- | combination [5]
2038.76 | 2036.83
2061.90 | 2061.90
2086.98 | 2088.91

110




Chapter 6 | Results and Discussion

N- stretch in

||||||||||

||||||||||

Functional group

L__l__L__L__L__L__L
] ] ' ' ' '
||||||||||||||||||||||||

||||||||||||||||||||||||

||||||||||||||||||||||||

||||||||||

|||||||||

||||||||||||||||||||||||||

||||||||||||||||||||||||||

||||||||||||||||||||||||||||||||||||||||

T ] ] ] ' '

] ] ] ] ] ] ] ] ]

STTTrTTrTTrTTroTrT eI
' ' ' ' ' ' ' '

@)
1
%3
[
[
>
=
T ©
d
£ <
I=]
Imv m =
- — N~
(<5} w [ —
husl e}
% O =
1 ~— o
. O m o
Y 5 © T
m 2 < i
Q o 2 o
s = s 5
© L T o
N O [ 9]
S o S
oS 'C b o
o = pas N
o =z 15 <
< ' f [e0) 1 <t
o I 1 N ! —
— ! ! o H <t
o~ N L ™
<)) ! . [ee) . N
<t ! H N H ™
— 1 ! (2] | <
o~ ! N ™
o , , [T} , ™
< 1 i N i (9p]
— ! 1 o ! <
N N ™
o) © — ©
< — \ \ < 0
o ™ 1 1 o o
=] Lo H i < )]
— ™ [N Al
N I3\ ™ ™
<t ™ o — ©
™ N Q b= < 0
< — o a2] o o
o 0 [s¢] = < »
— ™ ] N N N
o~ ~ N ™ ™

Figure 6.A.3: FTIR analysis of Commercial Inulin
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6.A.4. Field Emission Scanning Electron Microscopy images of Lactobacillus casei (2651

1951 RPK)

Figure 6.A.8 (a) and (b) depict the FESEM image of Lactobacillus casei grown with and without

inulin.

Figure 6.A.7: FTIR analysis of Finger millet

113




Chapter 6 | Results and Discussion

(@) (b)

Figures 6.A.8: (a) SEM image of Lactobacillus casei cell grown without inulin, (b) with

inulin

It is evident from above figures that the prebiotic inulin plays an important role in the metabolic
growth of Lactobacillus casei. Figure 6.A.8 (b) reveals the presence of a layer of inulin over the
cell wall. This may be due to the fact that inulin, being a large molecule cannot be transported
inside the cells and they are decomposed enzymatically to glucose and fructose which are in turn
assimilated by Lactobacillus casei [8]. A close inspection also reveals that the Lactobacillus
casei cells treated with inulin has been elongated in size compared to its non-inulin treated
counterpart. This observation directly indicates that the prebiotic inulin induces a metabolic
reorientation of Lactobacillus casei cells resulting in formation of the desired enzymes in greater

quantity.

6.B. Optimization of growth medium, yield of inulin from pearl millet and
efficiency of encapsulation during immobilization using Response Surface

Methodology
It is now well understood that initial concentrations of inulin and lactose have profound effect on
the cell growth of Lactobacillus casei. While both lactose and inulin are electron donors for the
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candidate microorganism under investigation experimental data have clearly shown that the
specific cell growth rate does not monotonically increase with increase in inulin concentration.
More importantly when lactose and inulin are used simultaneously as carbon sources, their
mutual interaction also affects the cell growth. Such observation evidently indicates the necessity
of detailed optimization study of these two parameters to achieve the optimum cell growth rate.
While there are several optimization techniques available for use, in the present situation the
most convenient and widely accepted technique Response surface methodology (RSM) has been
the most favored choice by the investigators in recent time because of its simplicity, user-
friendly software and high degree of confidence. Thus in the present investigation response

surface methodology has been used in all the three situations stated above.

6.B.1. Optimization of concentrations of lactose & inulin for achieving maximum specific
cell growth rate of Lactobacillus casei (2651 1951 RPK) using Response surface

methodology technique

In standard MRS medium composition carbohydrate concentration is specified as 20 g/L. Thus in
the present investigation the carbohydrate source lactose was taken within the concentration
range 10-30 g/L. The concentration range of another independent variable inulin has been
selected from the previous knowledge that inulin inhibits the specific cell growth rate at higher
concentration level. Thus, in the present optimization study inulin concentration kept in a lower
region of concentration (0.164-0.624 g/L). The experimental design matrix was prepared with
the help of Design-Expert 8.1 and the experimental results of the response variable p for 13 set
of experiments are given in Table 6.B.1.

Table 6.B.1: Experimental design matrix*

Run Concentration of | Concentration of | Coded value | Coded value | Response (U)
Lactose (C.,g/L) | inulin( C,,0/L) of C_, g/L of Cy, g/L (h™h
1 20.00 0.32 0 0 0.8285
2 30.00 0.62 +1 +1 0.0920
3 10.00 0.62 -1 +1 0.1823
4 20.00 0.75 0 +1 0.1510
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5 20.00 0.13 0 -1 0.2173
6 5.90 0.32 -1 0 0.1200
7 20.00 0.31 0 0 0.8285
8 30.00 0.00 +1 -1 0.2830
9 20.00 0.32 0 0 0.8285
10 10.00 0.00 -1 -1 0.1787
11 20.00 0.32 0 0 0.8285
12 20.00 0.32 0 0 0.8285
13 30.41 0.31 +1 0 0.4143

*Here, p = Specific growth rate (h™).

The Design Expert 8.1 software also provides the quantitative relationship of two interacting

independent variables C, and C, with the objective function u. The relationship as follows

1 =0.83+0.054*C, -0.035*C, -0.049*C, *C, -0.29*C,?-0.33*C ?

(6.B.1)

In order to understand the relative significance of each coded independent variable as well as

their combination “analysis of variance” (ANOVA) of the proposed quadratic model of response

has been made and results are given in Table 6.B.2.

Table 6.B.2: Analysis of Variance (ANOVA) for Response Surface Quadratic Model*

Source Sum of | df Mean F value p-value
squars square Prob>F
Model 1.25 5 0.25 70.39 <0.001(significant)

CL 0.023 1 0.023 6.53 0.0378

C 9.882E-003 1 9.882E-003 2.79 0.1387

C.C 9.467E-003 1 9.467E-003 2.67 0.1460

C. 2 0.59 1 0.59 166.47 <0.0001

C,2 0.77 1 0.77 217.31 <0.0001

Residual 0.025 7 3.541E-003
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Lack of Fit 0.027 3 8.262E-003
Pure Error 0.000 4 0.000
Cor total 1.27 12

*Here, F value= Fischer test value, p-value= lack of fit value.

The F value (Fischer test value) (70.39) and p-value (<0.001) clearly indicate that in the present
system C., C;, C_*C,, C.%and C/ are all significant model terms.

In order to verify the usefulness of the model equation (Eq. 6.B.1) a comparison has been made
by plotting the predicted response against the experimentally obtained response. This is shown in
Figure 6.B.1.

09
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Figure 6.B.1: Comparison of experimental and simulated values of specific growth rate ()

A statistical summary on the model fit between the actual and predicted responses is shown in
Table 6.B.3.
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Table 6.B.3: Model Fit summary statistics for final specific growth rate*

Std. Dev. Mean CV.% PRESS R-Squared | AdjR PredR-
Squared Squared
0.060 0.44 13.38 0.18 0.9805 0.9666 17.684

*Here, C.V. = Coefficient of variance

In order to understand the effect of lactose concentration and inulin concentration on specific cell

growth rate, the result obtained through response surface methodology technique have been

presented in three dimensional plot shown in Figure 6.B.2. It is observed that the maximum

specific growth rate of Lactobacillus casei is obtained at 20 g/L of lactose concentration and 0.32

g/L of inulin concentration. The contour plot shown in Figure 6.B.3 clearly confirms the

optimum values of the response variables. Solutions for optimal conditions of specific growth

rate are shown in Table 6.B.4.
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Figure 6.B.2: Three dimensional plot for optimization of specific growth rate of

Lactobacillus casei (2651 1951 RPK). Here R1= Response (u or specific growth rate)
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Figure 6.B.3. Contour plot for optimization of specific growth rate of Lactobacillus casei
(2651 1951 RPK)

Table 6.B.4: Solutions for optimal conditions of specific growth rate

Number Lactose Inulin Desirability
concentration concentration
(Cu) (C)
1 20.00 0.32 1.0 (selected)
2 10.00 0.62 0.909
3 10.00 0.00 0.909

6.B.2. Optimization of Temperature, Concentration of HCI and Heating period for
achieving maximum pearl millet inulin yield using Response surface methodology
technique

In the present investigation the temperature, concentration of HCI and heating period were taken
within the range 24 to 70°C, 0.5 to 2 M and 20 to 180 min. For obtaining maximum inulin yield
(with respect to purity) the temperature, concentration of HCI and heating period are specified as
70 °C, 0.8 M and 60 min. The experimental design matrix was prepared with the help of Design-
Expert 8.1 and the experimental results of the response variable inulin yield (obtained at different
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values of Temperature, HCI concentration and heating period) for 20 set of experiments are

given in Table 6.B.6.

The model equation predicted using the values of response variables corresponding to the preset

experimental conditions using the CCD table has been used for optimization of pearl millet

inulin yield with respect to temperature, HCI concentration and heating period in terms of +1

levels created by entering the factors (Table 6.B.5).

Table 6.B.5: Experimental ranges and levels of the factors (process variables) for response

surface study

Uncoded factor Coded factor Unit Uncoded value Coded value
Temperature A °C 24 -1
70 +1
HCL B M 0.5 -1
concentration
2 +1
Heating period C min 20 -1
180 +1
Table 6.B.6: Experimental design matrix
Run Temperature, HCI Heating Inulin
°C concentration, | period, Min yield(%0)
M

1 65.00 1.25 80.00 70.2

2 47.00 1.25 100.00 45.0

3 24.00 2.00 20.00 16.0

4 70.00 0.80 60.00 90.0

5 47.00 0.01 100.00 27.0

6 47.00 1.25 100.00 45.0

7 24.00 0.50 180.00 28.8

8 70.00 0.50 180.00 45.0
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9 47.00 1.25 234.54 32.0
10 24.00 2.00 20.00 16.0
11 24.00 2.00 180.00 28.8
12 47.00 1.25 100.00 45.0
13 70.00 0.80 60.00 90.0
14 47.00 2.51 100.00 29.0
15 47.00 1.25 100.00 45.0
16 8.32 1.25 100.00 16.0
17 47.00 1.25 100.00 45.0
18 70.00 2.00 20.00 18.0
19 47.00 1.25 34.54 18.0
20 47.00 1.25 100.00 45.0

The Design Expert 8.1 software also provides the quantitative relationship of three interacting

independent variables temperature, HCI concentration and heating period with the objective

function inulin yield from pearl millet. The relationship as follows

Inulinyield = 47.96+15.59* A-5.79*B+0.93*C-18.31* A*B-13.68* A*C+0.57*B*C-1.00*A* - 7.80*B* -8.98*C*

... (6.8.2)

Where, A,B and C are the temperature, concentration of HCL and heating period.

In order to understand the relative significance of each coded independent variable as well as

their combination “analysis of variance” (ANOVA) of the proposed quadratic model of response

has been made and results are given in Table 6.B.7.

Table 6.B.7: ANOVA for Response Surface Model

Source Sum of df Mean F value p-value
squars square Prob>F
Model 7913.07 9 879.23 5.97 0.0050(significant)
A- 1814.60 1 1814.60 12.31 0.0056
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Temperature
B-HCI concn 324.80 1 324.80 2.20 0.1685
AB 662.22 1 662.22 4.49 0.0600
AC 323.03 1 323.03 2.19 0.1695
BC 0.66 1 0.66 4.458E-003 0.9481
A’ 5.18 1 5.18 0.035 0.8550
B? 755.41 1 755.41 5.13 0.0470
C? 1002.95 1 1002.95 6.81 0.0261
Residual 1473.50 10 147.35
Lack of Fit 1473.50 3 491.17
Pure Error 0.000 7 0.000
Cor total 9386.57 19

The F value (Fischer test value) (5.97) and p-value (0.005) clearly indicate that in the present
system A, B, A*B, A*C, B*C, A% B? and C?are all significant model terms.

In order to verify the usefulness of the model equation (Eq. 6.B.2) a comparison has been made
by plotting the predicted response against the experimentally obtained response. This is shown in
Figure 6.B.4.
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Figure 6.B.4: Comparison of experimental and simulated values of maximum inulin yield

obtained from pearl| millet

122




Chapter 6 | Results and Discussion

A statistical summary on the model fit between the actual and predicted responses is shown in

Table 6.B.8.

Table 6.B.8: Model Fit summary statistics for inulin yield

Source Std. Dev. R’ Adj R® Pred R? PRESS
Linear 17.27 0.4914 0.3960 0.0918 8525.01
2F 15.22 0.6793 0.5313 -1.3717 22262.09
Quadratic 12.14 0.8430 0.7017 -5.7179 63057.75

In order to understand the effects of temperature, HCL concentration and heating period on

inulin yield, presented three dimensional plots and contour plots have been shown in Figure

6.B.5(a)-(f). It is observed that the maximum inulin yield is obtained at 70°C temperature, 0.8 M

HCI concentration and 60 minutes of heating period with desirability of unity.
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Figure 6.B.5(a)-(f): Three dimensional plots and corresponding contour plots for
optimization of pearl millet inulin yield depending on Temperature (A), HCI concentration
(B) and Heating period (C)

6.B.3. Optimization of concentrations of sodium alginate, surfactant and post cooling
temperature for achieving maximum Encapsulation efficiency (E¢) of alginate/
Lactobacillus casei (2651 1951 RPK) microcapsules (synthesized via internal gelation) using
Response surface methodology (RSM) technique

In the present investigation the concentrations of sodium alginate, surfactant (Tween 80) and
post-cooling temperature were taken within the range 1 to 3%, 0.5 to 2 M and 20 to 180 min. For
obtaining maximum encapsulation efficiency the concentrations of sodium alginate, surfactant

(Tween 80) and post-cooling temperature are specified as 2%, 0.5% and 25°C respectively. The
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experimental design matrix was prepared with the help of Design-Expert 8.1 and the
experimental results of the response variable “Encapsulation efficiency”(Ee) for 20 set of

experiments are given in Table 6.B.9.

Table 6.B.9: Experimental matrix for analysis via CCD

Run Alginate Surfactant | Post-cooloing E¢(%0)
concentration | concentration | temperature
(%) (%) °C)
1 1.50 1.00 20.00 85
2 1.50 1.00 20.00 85
3 1.50 1.00 20.00 85
4 2.00 0.50 15.00 90
5 2.00 1.50 15.00 72
6 1.00 1.50 15.00 82
7 1.00 0.50 15.00 91
8 1.00 1.50 25.00 92
9 1.50 1.00 15.00 90
10 2.00 1.50 25.00 94
11 1.00 0.50 25.00 87
12 1.50 1.00 20.00 85
13 1.50 1.00 20.00 85
14 1.50 1.50 20.00 82
15 1.00 1.00 20.00 82
16 2.00 1.00 20.00 94
17 1.50 1.00 25.00 83
18 1.50 1.00 20.00 85
19 2.00 0.50 25.00 98
20 1.50 0.50 20.00 89

Generally the dependency of independent variables on the output is given by:
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y' =X, X,, X, ¥ 6 (6.B.3)

Where, y is the output, 4 is the power of the output, “f” is the function of input variables X1, Xa,
X3 and e is the error. To find the correct transformation, Box-Cox plot (Figure 6.B.6) was used
where the In (residual Sum of Squares) was plotted against A. A was chosen such that the value of
the residual was minimum, which is shown by green line. Since the A value did not fall in 95%

confidence level, so the A was recommended by the software; which is 1.

-

Apest= 0.29 Rpec= 1

In (Residuals)

Lambda

Figure 6.B.6: Box-Cox plot for power transforms

The polynomial quality was determined by the determination coefficients, R?, Radj2 and predicted
R2. The equations for calculating R? and Radj2 are given in Equations (6.B.4) and (6.B.5).
SS

RZ = 1_ residual 684
SSmod el ~ SSresidual ( )
SS . DF._..
Radjz - l_ reS|duaI/ residual (685)
(Ssmod el + SSresidual)/(DFmod el + DFresiduaI)

In these equations, DF is the degree of freedom and SS is the sum of squares. The experimental

data were fitted using multiple regression to the quadratic equation which is given by

Y =a, +a, X, +a,X, +a,X; +a,,X, X, +a,,X X, +a,,X,X; +e (6.B.6)
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where Xi, X, and X3 are the independent variables, Y is the output variable, ap and a; are
intercept and linear constant coefficients, ajj is regression 2-factor interaction between X; and X;
and e is the residual part.

The final equation correlating E. with the independent variables is as follows:

E.=86.80+1.40*A-3.30*B+2.90*C-2.25*A*B+3.00*A*C+3.50*B*C (6.B.7)

In this equation, the terms containing B, C, AC and BC are significant. In Figure 6.B.8, 3-D
surface plots illustrate the variation of E. with the interaction factors. In all these figures, the
third variable (i.e, the variable that has not been plotted) has been held constant at its mean value

within the given range, like, in the first plot; C, i.e; temperature has been maintained at 20°C.
To analyze the effects and interactions, analysis of variance (ANOVA) was done which is shown
in Table 6.B.10. In ANOVA, any factor with p-value less than 0.05 has significant contribution

to response with 95% confidence level.

Table 6.B.10: ANOVA for response surface 2FI (2 factor interaction) model

Source Sum of df Mean F value p-value
squars square Prob>F

Model 423.1 6 70.51667 4.627545 | 0.0099(significant)

A-Alginate 19.6 1 19.6 1.286219 0.2772

concentration

B-Surfactant 108.9 1 108.9 7.146391 0.0191

concentration

C-Temperature 84.1 1 84.1 5.51893 0.0353

AB 40.5 1 40.5 2.657749 0.1270

AC 72 1 72 4.724886 0.0488

BC 98 1 98 6.431095 0.0248

Residual 198.1 13 15.23846

Lack of Fit 198.1 8 24.7625
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Pure Error 0.0 5 0.0

Cor total 621.2 19

The model F-value of 4.627545 and p-value of 0.0099 implies that the model is significant. Also
the linear terms like B and C (A: Sodium alginate concentration; B: Surfactant concentration and
C: Post-cooling temperature) and the 2FI terms — BC and AC, have significant contribution to
encapsulation efficiency (E.). But A and AB and are insignificant since their p-value is greater
than 0.05.

In order to verify the usefulness of the model equation (Eq. 6.B.7) a comparison has been made
by plotting the predicted response against the experimentally obtained response. This is shown in
Figure 6.B.7.
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Figure 6.B.7: Comparison of experimental and simulated values of Encapsulation efficiency

(Ee)
The values of R® and R, are presented in Table 6.B.11 and since we aim at maximizing the

sum of the values of Rad,-2 and predicted R?, it clearly indicates that the 2 factor interaction (2FI)

equation provides the best fit since the sum of Radj2 =0.5339, is maximum.
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Table 6.B.11: Model Summary Statistics

Source Std. Dev. R-Squared Adjusted Predicted R- | Comment
R-Squared Squared
Linear 5.05 0.3422 0.2189 -0.3106
2FI 3.90 0.6811 0.5339 -0.3456 Suggested
Quadratic 3.96 0.7477 0.5206 -0.9509
Cubic 0.47 0.9978 0.9932 -1.6433 Aliased

In order to understand the effect of sodium alginate concentration, surfactant concentration and

temperature on encapsulation efficiency, the result obtained through response surface

methodology technique have been presented in three dimensional plots and corresponding

contour plots shown in Figure 6.B.8.(a)-(f).
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Figure 6.B.8(a)-(f): 3-D surface and contour plots depicting the variation of encapsulaton
efficiency with A: Alginate concentration, B: Surfactant concentration and C: Post cooling

temperature

From the above section, we summarize that Encapsulation efficiency (E.) is a strong function of
alginate concentration, surfactant concentration and post-cooling temperature, within the given
ranges of the respective variables. However, E. decreases with the increase in surfactant
concentration. This may be due to the fact that increased surfactant molecules may lead to
excessive perturbation, disrupting the formation, the above plots suggest that E. increases as the
alginate concentration and post-cooling temperature are increased. Higher temperature and

alginate may lead to better bonding within the alginate core.
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For the maximization of Encapsulation efficiency with the input parameters within the specified
ranges, Design Expert 8.1 suggested 18 solutions, of which the solution having a maximum
desirability of 0.929; was selected. These were obtained with alginate concentration of 2%;
surfactant concentration of 0.5% at a post-cooling temperature of 25°C, which corresponded to

an encapsulation efficiency of 98%.

6.C. Studies on cell growth dynamics of Lactobacillus casei (2651 1951 RPK)

Cell growth dynamics of Lactobacillus casei have been studied in detail in order to understand
the effect of prebiotic inulin on the selected probiotic, Lactobacillus casei. Two different
approaches, viz., cell growth study in complete absence of inulin and in presence of both lactose
and inulin have been investigated in order to get a quantitative idea on the synbiotic effects of

prebiotic-probiotic interaction.

6.C.1. Studies of cell growth dynamics in presence of lactose as carbon source

Cell growth dynamics of Lactobacillus casei, a probiotic under investigation has been carried out
by following the cell growth in presence of lactose as sole electron donor. This study in complete
absence of the prebiotic inulin has provided a sound comparison basis with the cells grown in
presence of both inulin and lactose.

Experimental data of Lactobacills casei cell concentration time histories with initial lactose

concentration as parameter are given in Table 6.C.1.

Table 6.C.1: Cell growth dynamics of Lactobacillus casei in presence of lactose as carbon

source
Time (h) Initial lactose concentration(g/L)
10 20 30
Cell concentration (g/L)
0 0.0030 0.0009 0.0007
1 0.0056 0.0018 0.0014
2 0.0106 0.0036 0.0030
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3 0.0198 0.0073 0.0061
4 0.0371 0.0147 0.0127
5 0.0694 0.0295 0.0261
6 0.1294 0.0591 0.0539
7 0.2401 0.1187 0.1111
8 0.4400 0.2376 0.2288
9 0.7865 0.4741 0.4705
10 1.9378 1.3378 1.4333
11 1.8493 1.8174 1.9555
12 1.9942 3.2521 3.8478
13 2.0026 3.9935 5.9550
14 2.0030 4.0009 6.0007
22 2.0030 4.0009 6.0007
23 2.0030 4.0009 6.0007
24 2.0030 4.0009 6.0007

In order to understand the nature of cell growth dynamics qualitatively, a plot of cell
concentration against time with three different initial lactose concentrations as a parameter has

been made and is shown in Figure 6.C.1.
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Figure 6.C.1: Lactobacillus casei (2651 1951 RPK) cell concentration time history plot in

presence of lactose as sole carbon source

It is observed from the figure that there are distinct appearance of lag phase, exponential phase,
stationary phase and death phase in the cell growth history. Such type of cell dynamics are
qualitative indication of the validity of Monods classical form of substrate uninhibited
unstructured model. It is also observed that with increase in initial lactose concentration the cell
growth increases and the rate of cell growth is also higher with increase in substrate
concentration. This is an expected behavior since with the availability of more food (lactose in
the present case) generation of cell will be more with a higher rate.

In order to predict cell growth dynamics a priori quantitatively, the Monod substrate

uninhibited unstructured model equation has been selected in its classical form:

_ HwCs 6.C.1
7K, +C, (6.C.1)
_14dC,
H=c, dt (6.C.2)
Where,
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= Specific cell growth rate, h™

Hm= Maximum specific cell growth rate, h™
Ks= Substrate saturation constant, g/L

C,= Concentration of lactose, g/L

X= concentration of cell, g/L

Equation 6.C.1 contains two intrinsic kinetic parameters p, and Ks. In order to verify the validity
of Monods equation in the present case and the subsequent evaluation of u, and K, Equation

6.C.1 has been rearranged in double reciprocal form as follows:

K, 1 1

S

= — +—

1
B B G i (6.C.3)

Thus, a plot of 1/u versus 1/Cs will provide a straight line if Monod equation is valid.

In the present investigation the specific cell growth rate () has been computed from the slope of
cell growth curves shown in Figure 6.C.1 in the exponential phase region and subsequently
dividing it by the average cell concentration within this selected range. The computed data are

shown in Table 6.C.2.

Table 6.C.2. Specific cell growth rate as a function of initial lactose concentration

Substrate Specific cell growth 1/Cs, L/g 1/, h
concentration, g/L rate,h™
10 0.6299 0.100 1.587554
20 0.6984 0.050 1.431844
30 0.7247 0.033 1.379881

A plot of 1/u versus 1/Cs has been made using the data shown in Table 6.C.2. This is shown in

Figure 6.C.2.
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Figure 6.C.2: Double reciprocal plot of specific cell growth rate and substrate

concentration

It is evident from the figure that a reasonably good plot has been obtained showing the validity
of Monod equation in predicting the cell growth dynamics in the present case. From the linear
plot the slope and intercept have been computed as 3.114 and 1.276 respectively. Thus,
Ks/um=3.114 and 1/ un=1.276. The intrinsic Kinetic parameters K and p, are therefore

K= 2.44g/L, pm=0.7836 h*

The Lactobacillus casei growth rate equation in presence of lactose as only carbon source can

now be written as

- 0.7836h ‘C.C, geellformed
T 244+C, L.h

(6.C.4)

6.C.2. Studies of cell growth dynamics in presence of commercial inulin as only carbon
source

In order to determine the sole effect of prebiotic inulin on the probiotic Lactobacillus casei under
investigation, the results obtained from a programmed experiment on time history of cell growth

are shown in Table 6.C.3.
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Table 6.C.3: Concentration time history data of Lactobacillus casei (2651 1951 RPK) in

presence of inulin

Time Initial inulin concentration(g/L)
(h)

0.035 0.05 0.095 0.164 0.175 |0.322 | 0.487 | 0.624

Cell concentration (g/L)

0 0.0700 0.0700 0.0700 0.0700 0.0700 | 0.0700 | 0.0700 | 0.0700
1 0.0705 0.0707 0.0711 0.0714 0.0714 0.0716 | 0.0715 | 0.0714
2 0.0710 0.0714 0.0721 0.0728 0.0729 0.0732 | 0.0731 | 0.0728
3 0.0715 0.0720 0.0732 0.0742 0.0743 0.0748 | 0.0746 | 0.0743
4 0.072 0.0727 0.0742 0.0756 0.0758 0.0765 | 0.0763 | 0.0758
5 0.0724 0.0733 0.0753 0.0771 0.0773 | 0.0783 | 0.0779 | 0.0773
6 0.0729 0.0739 0.0763 0.0785 0.0788 | 0.0800 | 0.0796 | 0.0789
7 0.0733 0.0745 0.0774 0.0800 0.0803 | 0.0818 | 0.0814 | 0.0805
8 0.0737 0.0751 0.0784 0.0815 0.0818 | 0.0837 | 0.0831 | 0.0821
9 0.0741 0.0757 0.0794 0.0829 0.0834 0.0855 | 0.0850 | 0.0838
10 0.0745 0.0762 0.0804 0.0844 0.0850 0.0875 | 0.0868 | 0.0855
11 0.0749 0.0768 0.0814 0.0859 0.0865 0.0894 | 0.0887 | 0.0873
12 0.0753 0.0773 0.0824 0.0874 0.0881 | 0.0914 | 0.0907 | 0.0891
13 0.0757 0.0778 0.0833 0.0888 0.0897 | 0.0935 | 0.0927 | 0.0909
14 0.0760 0.0783 0.0843 0.0903 0.0913 | 0.0956 | 0.0947 | 0.0928
24 0.0789 0.0825 0.0927 0.1045 0.1069 0.1186 | 0.1182 | 0.1142
25 0.0791 0.0829 0.0934 0.1058 0.1084 0.1211 | 0.1208 | 0.1166
26 0.0794 0.0832 0.0941 0.1070 0.1098 0.1236 | 0.1235 | 0.1191
27 0.0796 0.0835 0.0948 0.1083 0.1113 0.1262 | 0.1263 | 0.1217
28 0.0798 0.0838 0.0955 0.1095 0.1127 0.1288 | 0.1292 | 0.1243
29 0.0800 0.0841 0.0961 0.1107 0.1140 0.1314 | 0.1321 | 0.1269
30 0.0802 0.0844 0.0967 0.1118 0.1154 0.1340 | 0.1351 | 0.1297
31 0.0803 0.0847 0.0973 0.1129 0.1167 0.1367 | 0.1381 | 0.1325
32 0.0805 0.0849 0.0978 0.1140 0.1179 0.1393 | 0.1412 | 0.1354
33 0.0807 0.0852 0.0984 0.1150 0.1192 0.142 | 0.1444 | 0.1383
34 0.0808 0.0854 0.0989 0.1160 0.1203 0.1446 | 0.1477 | 0.1414
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35 0.0810 0.0857 0.0994 0.1170 0.1215 | 0.1473 | 0.151 | 0.1445
36 0.0811 0.0859 0.0999 0.1179 0.1226 | 0.1499 | 0.1544 | 0.1476
37 0.0813 0.0861 0.1003 0.1188 0.1237 | 0.1525 | 0.1578 | 0.1509
38 0.0814 0.0863 0.1007 0.1196 0.1247 | 0.1551 | 0.1613 | 0.1543
39 0.0815 0.0865 0.1011 0.1204 0.1256 | 0.1576 | 0.1649 | 0.1577
40 0.0816 0.0866 0.1015 0.1212 0.1266 | 0.1601 | 0.1685 | 0.1612
41 0.0818 0.0868 0.1019 0.1219 0.1274 | 0.1625 | 0.1722 | 0.1648
42 0.0819 0.0870 0.1023 0.1226 0.1283 | 0.1649 | 0.1759 | 0.1685
43 0.0820 0.0871 0.1026 0.1232 0.1291 | 0.1672 | 0.1797 | 0.1723
44 0.0821 0.0873 0.1029 0.1238 0.1298 | 0.1695 | 0.1835 | 0.1761
45 0.0822 0.0874 0.1032 0.1244 0.1305 | 0.1716 | 0.1874 | 0.1801
46 0.0822 0.0875 0.1035 0.1249 0.1312 | 0.1737 | 0.1913 | 0.1842
47 0.0823 0.0877 0.1038 0.1255 0.1318 | 0.1757 | 0.1951 | 0.1883
48 0.0824 0.0878 0.104 0.1259 0.1324 | 0.1776 | 0.199 | 0.1926

A wide range of initial inulin concentration, viz., 0.035 to 0.624 g/L were employed for this
purpose. The cell growth dynamics as a function of initial inulin concentration are shown in
Figure 6.C.3.
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Figure 6.C.3: Concentration time history of Lactobacillus casei (2651 1951 RPK) in

presence of inulin as sole carbon source with initial inulin concentration as parameter

It is observed from the figure that in each case presence of lag phase and exponential phase are
predominantly visible. Interestingly it is also observed that cell concentrations rapidly increases
with increase in inulin concentration upto 0.175¢/L, a reverse trend is observed above inulin
concentration 0.175¢/L. Qualitatively such behavior indicates that cell growth dynamics is a
function of initial inulin concentration and follow a different route beyond a critical inulin

concentration.

In order to understand the cell growth behavior in a quantitative manner specific cell growth
rates (u) for different initial inulin concentration have been computed from Equation 6.C.2 and

the results are shown in Table 6.C.4.
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Table 6.C.4: Specific cell growth rate of Lactobacillus casei (2651 1951 RPK) as a function

of initial inulin concentration

Substrate (inulin) Specific cell growth 1/C,, L/g 1/, h
concentration (C)), g/L rate (u),h™
0.035 0.006 28.57143 166.6667
0.050 0.009 20.00000 111.1111
0.095 0.014 10.52632 71.4285
0.164 0.019 6.097561 52.6315
0.175 0.019 5.714286 52.6315
0.322 0.022 3.100775 45.4545
0.481 0.021 2.079002 47.6190
0.624 0.020 1.602564 50.0000

In order to understand the effect of initial inulin concentration on specific cell growth rate of

Lactobacillus casei a plot of specific cell growth rate (i) and initial inulin concentration (C;) has

been made and is shown in Figure 6.C.4.
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Figure 6.C.4: Specific cell growth rate (p) versus initial inulin concentration (C)

139




Chapter 6 | Results and Discussion

It is observed that specific cell growth rate increases monotonically upto 0.3225 g/L of inulin
above which the rate declines rapidly indicating the inhibitory effect of inulin on cell growth
above the critical inulin concentration 0.3225g/L. It therefore follows that the cell growth
dynamics should be explained in terms of a suitable model equation associated with non-
competitive substrate inhibition. Since, the most celebrated non-competitive substrate inhibited
model equation proposed by Haldane is widely used in such cases, in the present investigation
the Haldane equation given by its simplified form given by
_ l"tmaX|CI

l”Ll CIZ

WO
! (6.C.5)

Where,
W, = Specific growth rate of Lctobacillus casei in presence of inulin, h™

... =Maximum specific cell growth rate in presence of inulin, ht
max,
K, = Substrate saturation constant for inulin, g/L

C, = Concentration of inulin, g/L

has been selected to test its validity towards predicting the cell growth dynamics of Lactobacillus
casei. This equation contains two intrinsic Kkinetic parameters, viz., un and K and one
thermodynamic constant K;. Numerical analysis has been carried out by solving the non linear
Equation 6.C.5 and Equation 5.6 to evaluate the values of pn,, Ks and K;. A selected range of
experimental data ranging from specific cell growth rate 0.014 h™ to 0.02 h™and their
corresponding inulin concentration have been selected from Table 6.C.4 for evaluating the
parameters. The results are given in Table 6.C.5.

Table 6.C.5: Simulation constants present in Haldane equation

Kinetic Parameters

Hmax(n™) Ks(g/L) Ki(g/L)

0.05 0.2 0.52
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The Haldane equation can therefore be written as

0.05h 'C, 1
K= 2h

0.2+C +C'
' ' 0.52

(6.C.6)

The proposed equation has now been tested for its ability to predict real time data with the help
of an extended range of experimental data. Table 6.C.6 shows the predicted and experimental
values of specific cell growth rate for five different initial inulin concentrations not used for

evaluating kinetic parameters.

Table 6.C.6: Comparison of simulated and experimental data of specific cell growth rate at

five different initial inulin concentrations

Substrate (inulin) Specific cell growth | Specific cell growth
concentration, g/L rate,n(Experimental) | rate,h™(Predicted)
0.035 0.0059 0.006
0.050 0.0089 0.009
0.075 0.0119 0.012
0.164 0.019 0.018
0.25 0.020 0.021
0.481 0.0209 0.021

In order to find out the deviation between the experimental and simulated value from the
Haldane equation a comparative plot of experimental and predicted values of u at different C,
has been made and is shown in Figure 6.C.5. It is evident from the figure that the predicted
values from the Haldane equation are well within the confidence level. It may therefore be
concluded that Haldane equation can be taken as the model equation for predicting cell growth

rate in presence of synbiotic effect of inulin on Lactobacillus casei.
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Figure 6.C.5: Comparative plot of experimental and predicted values of specific cell growth

rate

6.C.3. Studies on combined effect of commercial inulin and lactose as electron donors on
the cell growth of Lactobacillus casei (2651 1951 RPK)

The previous two sections show the investigation results on the effect of single electron donor,
viz., lactose and inulin on the cell growth Kinetics of Lactobacillus casei. It is, however,
understood that while maintenance of cell growth of Lactobacillus casei requires the presence of
lactose, inulin strongly enhances the cell growth rate. Thus studies on the combination of two
electron donors, viz., lactose and inulin are essential to understand the synbiotic effect of
prebiotic and probiotic. Experimental results on the cell growth of Lactobacillus casei in
presence of different initial inulin concentrations ranging from 0.164-0.624 g/L at three different

initial concentrations of lactose are given in Tables 6.C.7.(a) through 6.C.7.(c).
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Table 6.C.7.(a): Concentration time history of Lactobacillus casei in presence of inulin at

10g¢/L initial lactose concentration

Time (h) Initial inulin concentration(g/L)
0.164 0.3225 0.624
Cell concentration (g/L)

0 0.0030 0.0032 0.0034
1 0.0056 0.0068 0.0078
2 0.0106 0.0306 0.0806
3 0.0598 0.0798 0.1998
4 0.0971 0.1571 0.3671
5 0.1694 0.2694 0.6691
6 0.3294 0.3994 0.9995
7 0.4401 0.5401 1.2401
8 0.7400 0.8300 1.5400
9 0.9865 1.2865 1.7865
10 1.9600 1.9800 2.0100
11 4.8493 6.8493 8.5493
12 8.9710 9.3400 9.1600
13 8.5226 9.1260 9.0760
14 8.2630 9.0600 9.0400
22 8.0500 9.0130 9.0050
23 8.0300 9.0050 9.0030
24 8.0030 9.0009 9.0007
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Table 6.C.7.(b): Concentration time history of Lactobacillus casei in presence of inulin at

20g/L initial lactose concentration

Time Initial inulin concentration(g/L)
0.164 0.3225 0.624
Cell concentration (g/L)
0 0.0009 0.00092 0.00094
1 0.0017 0.0051 0.0050
2 0.0050 0.0080 0.0160
3 0.0730 0.0760 0.0634
4 0.1247 0.1697 0.1450
5 0.2595 0.2995 0.3495
6 0.4791 0.5671 0.7691
7 0.6187 0.8987 0.9787
8 0.9376 1.1376 1.0976
9 1.1741 1.2541 1.1741
10 1.3600 1.3900 1.4200
11 48174 5.8374 1.8174
12 8.2100 8.5070 8.3930
13 7.9935 8.2435 8.1945
14 7.3409 8.1109 8.0601
22 7.0509 8.0709 8.0097
23 7.0309 8.0059 7.0900
24 7.0009 8.0010 7.0060
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Table 6.C.7.(c): Concentration time history of Lactobacillus casei in presence of inulin at

30g/L initial lactose concentration

Time Initial inulin concentration(g/L)
0.164 0.3225 0.624
Cell concentration (g/L)
0 0.0007 0.00072 0.00075
1 0.0014 0.0025 0.0022
2 0.0030 0.0070 0.0060
3 0.0051 0.0061 0.0091
4 0.0727 0.0127 0.0526
5 0.1561 0.0541 0.0983
6 0.3539 0.0939 1.0159
7 0.9831 1.0611 1.0831
8 1.0988 1.1288 1.1235
9 1.1905 1.2705 1.2300
10 1.4600 1.4900 1.5200
11 5.9555 6.4500 5.5255
12 9.8975 10.1500 9.9924
13 9.5000 10.0650 9.4550
14 9.2107 10.0217 9.2107
22 9.0707 10.0090 9.0507
23 9.0023 10.0010 9.0097
24 9.0011 10.0007 9.0005

In order to understand the effect of initial inulin concentration in presence of lactose the
experimental data of cell concentration time history have been plotted with initial inulin
concentration as parameter at three different initial lactose concentrations viz.,10,20,30 g/L.
These are shown in Figures 6.C.6(a) through 6.C.6(c).
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Figure 6.C.6(a): Experimentally obtained cell response at initial lactose concentration
10g/L
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Figure 6.C.6(b): Experimentally obtained cell response at initial lactose concentration
20g/L
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Figure 6.C.6(c): Experimentally obtained cell response at initial lactose concentration 30g/L

It is evident from the figures that within the range of inulin concentration studied, increase of
inulin concentration increases the cell growth at all levels of initial lactose concentration. This
observation is in sharp contrast with the cell growth of Lactobacillus casei in presence of single
substrate inulin, where the cell growth is maximum at 0.175g/L above which cell growth
declines. It may therefore be concluded that in the present two substrate system lactose plays a
dominating role in the cell growth of Lactobacillus casei. It is also evident from the figures that
three distinct growth regions viz., lag phase, exponential phase and stationary phase are visibly
present.

In order to model the cell growth rate theoretically for the present system a summative type rate
equation combining Monod equation and Haldane equation as suggested by Blunch & Clerk has

been tested here[9]. The summative type cell growth rate equation is given by

_ Mmlcs + MmZCI gce"formed
7K, +C, C? Lh
Kot Gty

(6.C.7)

Where,
My, = Specific growth rate of Monod equation, 0.7836 ht
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Ky, =Specific growth rate of Haldane equation, 0.05 ht
K, = Substrate saturation constant for inulin, 0.2 g/L

K| = Substrate inhibition constant, 0.52 g/L
Ks = Lactose saturation constant, 2.44 g/L

The proposed cell response equation is

. _dc, _0.7836h 'C,C, , 005h 'C,C,
T dt  244+C, C/’
02+C, + 0.52 (6.C.8)

The specific cell growth rate is given by

0.7836h 'C,  0.05h 'C,

+
2.44+C, 02+C+c,2
T 7052

n=u, tp, = (6C9)

In order to verify the validity of Equation 6.C.9 simulated data of the specific cell growth rate at

different levels of inulin and lactose concentrations are given in Table 6.C.8.

Table 6.C.8: Simulated values of specific cell growth rate at different concentrations of

lactose and inulin

Cs (g/L) Ci(g/L) u(h?)
10 0.1640 0.6487
10 0.3225 0.6570
10 0.6240 0.6480
20 0.1640 0.7177
20 0.3225 0.7265
20 0.6240 0.7178
30 0.1640 0.7440
30 0.3225 0.7525
30 0.6240 0.7438
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It is evident from the figures that in each level of lactose concentration a brief lag phase followed
by exponential phase and satationary phase are predominantly present. The specific cell growth
rate (u) have been computed in each case using Equation 6.C.2 and the results are shown in
Table 6.C.9.

Table 6.C.9: Experimentally obtained specific cell growth rate in presence of lactose and

inulin
Cs(g/L) Ci(g/L) Hexpt (™)
10 0.1640 0.6422
10 0.3225 0.6504
10 0.6240 0.6410
20 0.1640 0.7162
20 0.3225 0.7192
20 0.6240 0.7106
30 0.1640 0.7365
30 0.3225 0.7440
30 0.6240 0.7360

In order to verify the validity of Equation 6.C.9 both experimental and simulated values of
specific cell growth rate have been plotted against concentration of inulin with concentration of
lactose as parameter. This is shown in Figure 6.C.7.
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Figure 6.C.7: Comparison of simulated and experimentally obtained cell growth rate

It is observed that in all the cases experimentally obtained specific cell growth rate fit well with
the simulated values with appreciable confidence level. It may therefore be concluded that ab
initio prediction of the cell response of Lactobacillus casei in presence of two electron donors

lactose and inulin can be done with appreciable confidence level by Equation 6.C.9.

6.C.4. Studies on effectiveness of inulin as prebiotic isolated from three different millet
sources and garlic

In the present investigation an attempt has been made to study the effectiveness of inulin as
prebiotic on the specific probiotic Lactobacillus casei. After establishing the synbiotic effect of
commercially available inulin and Lactobacillus casei a detailed investigation has been carried
out on the synbiotic effect of inulin isolated in-house from four different sources. Cell response
in each case with constant lactose concentration 20 g/L as maintenance carbon source has been
studied by following the cell concentration time histories.

6.C.4.1. Prebiotic effect of inulin isolated from garlic

Experimental data on cell concentration time history are given in Table 6.C.10 (a).
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Table 6.C.10 (a): Concentration time history data of Lactobacillus casei in presence of

garlic inulin at 20g/L initial lactose concentration

Time (h) O |1 |2 (3 |4 |5 |6 |7 |8 |9 [10|11 |12 |13 |14 (22|23 |24
Cell 0.0 (0. (0. (0. 10 |0 |0 |0 (0. |21 J21. |21 |1 |1 |1 |1 |185
concentration | 00 | 00 | 00 (00 |01 |02 |03 |09 |19 |49 | 05|15 |29 |41 |53 |74 |85 |04
(g/L) 09 21|26 |51 03|54 |30 |50 |50 (101000 15|07 |26 72|13

1

6.C.4.2. Prebiotic effect of inulin isolated from great millet

Experimental data on cell concentration time history are given in Table 6.C.10 (b).

Table 6.C.10 (b): Concentration time history data of Lactobacillus casei in presence of great

millet inulin at 20g/L initial lactose concentration

Time O |1 (2 |3 |4 |5 |6 (7 (8 |9 |10|11|12 |13 |14 (22|23 |24

Cell 0. 10. 0. ]0. 0. |0 |O. |1 |1 (2 |2 |2 |2 |2 |2 |2 |2 |2

concentration | 00 | 05|12 |29 |52 | 75191 |14 |51 |13 |14 |20 |31 |41 |56 |73 |73 |68

(g/L) 09 |09 12|38 (89|89 |34 (60|00 |14 |67 |88 |73 |42 |21 |47 |89 |03
1

6.C.4.3. Prebiotic effect of inulin isolated from pearl millet

Experimental data on cell concentration time history are given in Table 6.C.10(c).

Table 6.C.10 (c): Concentration time history data of Lactobacillus casei in presence of pearl

millet inulin at 20g/L initial lactose concentration

Time 0 112 |3 |4 |5 |6 |7 |8 |9 (101112 |13 |14 |22 |23 |24
Cell 000|0. {0. |0.]0. |0 |1 |1 |2 |2 |3 |3 |3 |3 [3 |3 |3 |34
concentration | 091 | 09 | 25 |45 |75 |92 |25 |59 |57 | 76 |22 | 48 | 51 | 54 | 60 | 64 | 53 | 422
(g/L) 13 (36|76 |20 |04 |60 |80 |30 |53 |01|04 |08 |38 |41 |22 |86

6.C.4.4. Prebiotic effect of inulin isolated from Finger millet

Experimental data on cell concentration time history are given in Table 6.C.10 (d).
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Table 6.C.10 (d): Concentration time history data of Lactobacillus casei in presence of

finger millet inulin at 20g/L initial lactose concentration

Time 0 112 (3 (4 |5 |6 |7 |8 |9 (101112 |13 |14 |22 |23 |24

Cell 0000 (0. 0. |0 (0. (0. (0.]0. 0 |1 |1 (1. (1 |1 J1 |1 |19
concentration | 091 | 00 |00 |00 | 01 |04 |07 |13 |20 |63 |25 |41 |59 |62 | 73 |92 | 95 | 304
(g/L) 36 |51 (71|51 5430|4050 |10|10 |60 |15 |07 |26 | 72|13

Cell concentration time history data in each of the four cases have been plotted simultaneously
on a single figure. Data obtained for commercially available inulin have also been superimposed

on the same figure for the purpose of comparison. This is shown in Figure 6.C.8.
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§ Great millet inulin
g —— Finger millet inulin

Pearl millet mulin

4] 5 10 15 20 25 30
Time,h

Figure 6.C.8: The cell concentration time histories of Lactobacillus casei in presence of

inulin extracted from different natural sources

It may be noted that in each case the initial concentration of cell (0.00091 g/L) and the initial
concentration of inulin (0.3225¢/L) were kept constant. It is evident from the figure that inulin
extracted from pearl millet (Indian name: bajra) shows the highest effectiveness as prebiotic
amongst the four in-house sample. The reason behind this unique and interesting finding may be
due to the variation of degree of polymerization (DP) of inulin obtained from different sources
[10]. As reported by Ricca et al., [8] inulin is hydrolyzed to glucose and fructose by fructo-
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enzymes. As per the present investigation, the pearl millet inulin has the highest DP (=39)
compared to that obtained from the great millet (=27) and finger millet (=23) inulin and hence
there is maximum availability of assailable monomer on enzymatic hydrolysis. This is possibly
the justification for the observation of maximum growth of Lactobacillus casei on pearl millet
inulin among the all varieties studied. It may, however, be noted that the commercially available
inulin gives the better performance because of its greater purity compared with the laboratory

samples.

From experimental results obtained in the present investigation, the effectiveness of inulin
isolated from four different natural sources as prebiotic may be arranged as follows:

Commercial inulin (chicory) > Pearl millet inulin > Great millet inulin > Finger millet inulin >
Garlic inulin.

6.C.5. Growth Dynamics of Lactobacillus casei (2651 1951 RPK) in presence of Pearl millet
inulin

In order to study the cell response in presence of inulin derived from pearl millet as only electron
donor experiments were performed to record the cell concentration time history with four initial

inulin concentrations as parameter. The results are given in Table 6.C.11.

Table 6.C.11: Concentration time history data of Lactobacillus casei in presence of different

initial pearl millet inulin concentration

Time(h) Initial pearl millet inulin concentration(g/L)
0.164 | 0.322 0.481 0.624
Cell concentration (g/L)

0 0.0600 0.0600 0.0600 0.0600
1 0.0614 0.0616 0.0615 0.0614
2 0.0624 0.0632 0.0631 0.0628
3 0.0642 0.0648 0.0646 0.0643
4 0.0657 0.0665 0.0663 0.0658
5 0.0673 0.0683 0.0679 0.0673
6 0.0687 0.0650 0.0696 0.0689
7 0.0705 0.0718 0.0714 0.0705
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8 0.0713 0.0737 0.0731 0.0721
9 0.0728 0.0755 0.0754 0.0738
10 0.0750 0.0850 0.0790 0.0750
11 0.0757 0.0864 0.0787 0.0773
12 0.0772 0.0880 0.0817 0.0774
13 0.0788 0.0835 0.0827 0.0809
14 0.0803 0.0856 0.0847 0.0828
24 0.0945 0.1086 0.1082 0.1042
25 0. 0958 0.1113 0.1108 0.1066
26 0. 0970 0.1136 0.1135 0.1091
27 0. 0983 0.1162 0.1163 0.1118
28 0. 0995 0.1188 0.1192 0.1143
29 0.1007 0.1214 0.1221 0.1168
30 0.1018 0.1240 0.1251 0.1197
31 0.1029 0.1265 0.1281 0.1224
32 0.1040 0.1293 0.1312 0.1257
33 0.1050 0.1321 0.1344 0.1283
34 0.1062 0.1346 0.1377 0.1314
35 0.1071 0.1373 0.1420 0.1345
36 0.1076 0.1397 0.1441 0.1376
37 0.1088 0.1425 0.1480 0.1409
38 0.1095 0.1453 0.1514 0.1443
39 0.1104 0.1475 0.1547 0.1477
40 0.1112 0.1501 0.1583 0.1513
41 0.1119 0.1524 0.1625 0.1548
42 0.1126 0.1549 0.1659 0.1583
43 0.1135 0.1560 0.1694 0.1623
44 0.1138 0.1595 0.1733 0.1661
45 0.1144 0.1616 0.1774 0.1701
46 0.1149 0.1635 0.1813 0.1741
47 0.1155 0.1657 0.1850 0.1783
48 0.1158 0.1674 0.1891 0.1824
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Using the experimental data given under Table 6.C.11, the cell growth dynamics curves for

Lactobacillus casei have been plotted in Figure 6.C.9.
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Figure 6.C.9: Concentration time history of Lactobacillus casei in presence of pearl millet

inulin as sole carbon source with initial inulin concentration as parameter

It is noted from the nature of cell dynamics curves of Figure 6.C.9 that similar to the case of pure
commercial inulin, here also an inhibitory effect of inulin on the cell growth is present. It is
evident from the figure that the cell growth is enhanced upto the initial inulin concentration
0.3225 g/L and above this value the cell growth declines. Although similar behavior has been
observed in case of pure commercial inulin, in the present situation maximum cell concentration
(0.1664 g/L) is less compare to pure commercial inulin (0.1776 g/L).

The specific cell growth rates for each of the above four initial inulin concentrations have
been computed from the progress curve Figure 6.C.9 and using Equation 6.C.2 and Equation 5.5
(Theoretical section). The results are given in Table 6.C.12.
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Table 6.C.12: Specific cell growth rate of Lactobacillus casei as a function of initial pearl

millet inulin concentration

Substrate (pearl millet inulin) | Specific cell growth
concentration (C)), g/L rate (1), h™
0.164 0.0148
0.322 0.0178
0.481 0.0173
0.624 0.0162

In order to understand the effect of initial pearl millet derived inulin on the specific cell growth

rate, a plot of p versus C, have been made and it is shown in Figure 6.C.10.
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Figure 6.C.10. Specific cell growth rate versus initial pearl millet inulin concentration

The bell shaped curve so obtained evidently indicates the inhibitory effect of pearl millet inulin

on Lactobacillus casei cell growth rate.
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In order to model the specific cell growth rate as a function of pearl millet inulin an attempt has
been made to taste the validity of Haldane equation in the present case. The Haldane equation in
its general form is given by Equation 6.C.5.

_ HmaX| CI
ny = 2

S |
' N (6.C.5)

The simulation constants ., , Kg and K have been evaluated with three experimental data,

viz., 0.3225 g/L, 0.481 g/L and 0.624 g/L by solving the non linear Equation 6.C.5 with the help
of Matlab 7.0 and the results are shown in Table 6.C.13.

Table 6.C.13: Simulation constants present in Haldane equation

Kinetic Parameters

Boa, (N7 Ks, (9/L) Ki(g/L)

0.045 0.271 0.47

The Haldane equation can therefore be written as

0.045h 'C, .
L= h

2
0.271+C, +

I
0.47 (6.C.10)

In order to validate the applicability of Equation 6.C.10 in the present case the predicted values
of specific cell growth rate with five more initial pearl millet inulin concentrations, viz., 0.164
g/L, 0.175 g/L, 0.250 g¢/L, 0.500 g¢/L,0.782 g/L have been compared with the experimental

value. This is shown in Table 6.C.14.
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Table 6.C.14: Comparison of simulated and experimental data of specific cell growth rate

at three different initial pearl millet inulin concentrations

Substrate (pearl millet Specific cell growth | Specific cell growth
inulin) concentration, g/L | rate,h™(Experimental) | rate,h™(Predicted)
0.164 0.0146 0.0148
0.175 0.0152 0.0154
0.250 0.0171 0.0172
0.500 0.0172 0.0173
0.782 0.0147 0.0149

In order to arrive at a conclusive decision regarding the validity of Haldane equation in the
present case a plot of i versus C, has been made with simulated data taken from Table 6.C.14.

This is shown in Figure 6.C.11. Experimental data have been superimposed on the same plot.
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Figure 6.C.11. Comparative plot of experimental and predicted values of specific cell

growth rate
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It is evident from the figure that the experimental data fit well with the simulated data confirming

the validity of Equation 6.C.10.

6.C.6. Growth Dynamics of Lactobacillus casei (2651 1951 RPK) in presence of both pearl

millet inulin and lactose

In order to compare the performance of inulin derived from pearl millet as prebiotic with the
commercially available inulin in presence of lactose a programmed investigation has been
carried out on the cell growth dynamics. The results for four different initial inulin
concentrations ( viz., 0.164, 0.3225, 0.481 and 0.624 g/L) and four different initial lactose

concentrations ( viz., 10, 20, 30 and 40 g/L) are given in Table 6.C.15(a) through 6.C.15 (d).

Table 6.C.15 (a): Concentration time history of Lactobacillus casei in presence of pearl

millet inulin at 10g/L initial lactose concentration

Time (h) Initial inulin concentration(g/L)
0.164 0.3225 0.481 0.624
Cell concentration (g/L)

0 0.0020 0.0020 0.0021 0.0023
1 0.0035 0.0036 0.0035 0.0037
2 0.0072 0.0073 0.0073 0.0074
3 0.0150 0.0139 0.0139 0.0130
4 0.0260 0.0560 0.0265 0.0350
5 0.0700 0.0900 0.0500 0.0500
6 0.1100 0.1560 0.0960 0.0950
7 0.2100 0.2500 0.1820 0.2100
8 0.3300 0.4270 0.3410 0.3580
9 0.9800 0.7320 0.6300 0.6440
10 1.2100 1.3500 1.2900 1.2500
11 2.6900 3.7400 4.5400 3.7280
12 5.5500 6.2600 5.9700 5.7700
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13 5.0600 5.5060 5.6270 5.6270
14 4.9600 5.1190 5.4560 5.5500
22 4.5600 4.9310 5.3440 5.4100
23 3.9700 4.5100 5.1940 5.2510
24 3.6000 4.1310 5.0440 5.0910

Table 6.C.15 (b): Concentration time history of Lactobacillus casei in presence of pearl
millet inulin at 20g/L initial lactose concentration

Time Initial inulin concentration(g/L)
0.164 0.3225 0.481 0.624
Cell concentration (g/L)
0 0.0008 0.00081 0.00084 0.00083
1 0.0018 0.0018 0.0018 0.0018
2 0.0037 0.0038 0.0038 0.0038
3 0.0076 0.0077 0.0077 0.0077
4 0.0360 0.0157 0.0157 0.0157
5 0.0617 0.0922 0.0721 0.0320
6 0.1140 0.2180 0.1860 0.1520
7 0.2310 0.4340 0.3400 0.2300
8 0.5670 0.6730 0.4720 0.4160
9 0.7400 0.8550 0.7530 0.6280
10 0.9800 1.1000 1.0500 1.0200
11 3.1020 4.1750 3.1620 2.1490
12 5.8220 6.6000 6.2800 6.0800
13 5.5620 6.4200 6.1610 41741
14 5.0660 6.2820 5.9650 4.2266
22 4.9660 5.9900 5.5330 4.1505
23 4.4560 5.4290 5.1933 3.9505
24 4.2650 5.2190 4.9330 3.2505
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Table 6.C.15 (c): Concentration time history of Lactobacillus casei in presence of pearl

millet inulin at 30g/L initial lactose concentration

Time Initial inulin concentration(g/L)
0.164 0.3225 0.481 0.624
Cell concentration (g/L)

0 0.0006 0.00061 0.00063 0.0006
1 0.0013 0.0913 0.0013 0.0013
2 0.0026 0.0126 0.0026 0.0026
3 0.0055 0.0556 0.0045 0.0055
4 0.0115 0.1170 0.0156 0.0116
5 0.0241 0.2245 0.0244 0.0143
6 0.0505 0.3514 0.0513 0.0309
7 0.1257 0.5079 0.1076 0.0967
8 0.2210 0.9261 0.2254 0.1535
9 0.4610 1.1733 0.4718 0.3672
10 0.9000 1.2500 1.1500 1.0700
11 3.9656 2.0360 2.0313 2.0083
12 5.9500 8.3760 7.6840 7.1190
13 5.7228 8.1991 7.4570 6.9599
14 5.5661 8.0910 7.1908 6.8417
22 5.2662 7.9296 6.9300 6.5502
23 5.0662 7.5296 6.4300 6.2602
24 4.9662 7.1296 6.2930 6.1502
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Table 6.C.15 (d): Concentration time history of Lactobacillus casei in presence of pearl

millet inulin at 40g/L initial lactose concentration

Time Initial inulin concentration(g/L)
0.164 0.3225 0.481 0.624
Cell concentration (g/L)
0 0.0005 0.00052 0.00053 0.00051
1 0.0011 0.0012 0.0013 0.0010
2 0.0023 0.0025 0.0023 0.0023
3 0.0038 0.0058 0.0048 0.0046
4 0.0102 0.1303 0.0153 0.0102
5 0.0616 0.2219 0.0718 0.0517
6 0.1458 0.3466 0.1464 0.0861
7 0.2971 0.4991 0.2488 0.1181
8 0.4060 0.6108 0.3102 0.2083
9 0.6364 0.7481 0.5466 0.4422
10 0.8500 0.9500 0.9000 0.8800
11 1.9343 2.0038 1.9988 1.9758
12 5.9900 6.7920 6.4190 6.2450
13 5.4828 7.7070 6.2606 6.1406
14 5.2660 8.1293 6.1921 6.0680
22 5.1461 8.1295 5.9290 5.9001
23 5.0661 8.1295 5.7929 5.8501
24 4.9661 8.1295 5.7129 5.7901

The experimentally obtained cell concentration time histories with initial inulin concentration as
parameter for four different initial lactose concentrations are shown in Figures 6.C.12(a) through
6.C.12(d).
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Figure 6.C.12(a): Experimentally obtained cell response at initial lactose concentration
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Figure 6.C.12(b): Experimentally obtained cell response at initial lactose concentration
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Figure 6.C.12(c): Experimentally obtained cell response at initial lactose concentration

30g/L
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Figure 6. C.12(d): Experimentally obtained cell response at initial lactose concentration

40g/L
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Comparing these figures with those obtained in the case of commercially available inulin it is
observed that although similar trends in cell response exist in all the cases, the maximum cell
concentration in the stationary phase of growth is less in case of inulin derived from pearl millet.
This is because of the fact that the purity of commercially available inulin is appreciably higher

compare to the inulin derived from pearl millet.

Since the cell response curves are similar in nature to those of commercially available inulin
system it is expected that a summative type rate equation (as in the case of commercially
available inulin, Equation 6.C.7 should be able to predict a real time situation. The specific cell

growth rate is thus related as

o N Hm,C geellformed
7K +C, C? Lh

| (6.C.7)

K, +C,+

S|

The simulation constantsp,, ,K; and K, have been evaluated by solving the non linear

equation using numerical analysis. Matlab7.0 software has been used for computation purpose.
Four different initial pearl millet inulin concentrations, viz., 0.164, 0.3225, 0.481 and 0.624 g/L

have been studied to facilitate evaluation of intrinsic kinetic parameters.

Experimentally obtained specific cell growth rate in presence of lactose and pearl millet inulin
have been computed for four different sets of inulin concentrations as well as four different

initial concentration of lactose. The results are shown in Table 6.C.16.

Table 6.C.16: Experimentally obtained specific cell growth rate in presence of lactose and

pearl millet inulin

Cs (/L) Ci(g/L) Uexpt(h_l)
10 0.1640 0.6425
10 0.3225 0.6455
10 0.4810 0.6450
10 0.6240 0.6439
20 0.1640 0.7113
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20 0.3225 0.7143
20 0.4810 0.7138
20 0.6240 0.7127
30 0.1640 0.7373
30 0.3225 0.7403
30 0.4810 0.7398
30 0.6240 0.7387
40 0.1640 0.7516
40 0.3225 0.7546
40 0.4810 0.7541
40 0.6240 0.7530

The above sets of values have been used for finding out the simulation constants.

The numerical values of the intrinsic kinetic parameters, p,,, and K as well as the inhibition

constants K; are shown in Table 6.C.17.

Table 6.C.17: Simulation constants present in Haldane equation

Kinetic Parameters

B2 (h_l)

Ks, (/1) Ki(g/L)

0.045

0.271 0.47

The proposed cell response equation can therefore be written as

. _4dc, _0.7836h 'c,C, 0.045h 'C,C,
T dt © 244+C, 0271+ C + o
' ' 047

and

The specific cell growth rate is given by
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0.7836h 'C,  0.045h 'C,

+
2.44+C, 00714 C. + C’
' ' 047

H=Hy = (6.C.12)

Effects of two different independent variables viz., initial concentration of inulin and initial
concentration of lactose on specific cell growth rate are shown in the three dimensional diagram
Figure 6.C.13 to understand the mutual distribution of initial inulin concentration and initial

lactose concentration.

0Es .

specific growth rate
]
-

=
m
o

064
0.

04 . - e 0
20

Lo . 0 1o
inulin concentratian lactoge concentration

Figure 6.C.13: 3D plot with experimental data of specific growth rate as a function of

lactose and pearl millet inulin concentrations.

All concentrations are in g/L and specific cell growth rate () is in h™

6.D. Studies on prebiotic activity score and antimicrobial activity of
Lactobacillus casei (2651 1951 RPK)

6.D.1. Prebiotic activity score

Prebiotic activity score is a quantitative measure of the effectiveness of any prebiotic material,
like inulin. The values of prebiotic activity score against the selected pathogen Escherichia coli
(2065ATCC 8739) for three different inulin samples are given in Table 6.D.1.
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Table 6.D.1: Prebiotic score of inulin against Escherichia coli

Source of Inulin

Commercial

Garlic

Pearl millet

Prebiotic activity

score

1.0

0.7

3.2

The quantitative representation of prebiotic score is shown in terms of bar diagram (Figure

6.D.1)

Prebioticactlvity score
N

35

25

1.5

0.5

0.7

Garlic inualin

Commercial Inulin

32

Pear] millet inulin

Figure 6.D.1: Comparison of prebiotic score of inulin against the pathogen Escherichia coli

It immediately reveals that pearl millet inulin has much better score indicating that this variety of

the inulin molecule is superior to chicory based inulin from the perspective of prebiotic activity

on L. casei. This result is also in agreement with the largest biomass concentration at any batch

time using pearl millet inulin. Higher prebiotic score inulin derived from pearl millet in

comparison to the other two samples is possibly due to presence of higher oligosaccharide

concentration which intern results in formation of greater amount of inhibitory enzymes within

the cells. These inhibitory enzymes reduce the activity of pathogen resulting in higher prebiotic

score.
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6.D.2. Studies on synbiotic effect of inulin — Lactobacillus casei (2651 1951 RPK) conjugate

on antibiotic sensitivity

One of the main intensions of the present investigation is to study antibiotic sensitivity on the
selected prebiotic- probiotic conjugate, viz., inulin treated Lactobacillus casei. A standard
experiment in this regard is to perform well diffusion experiment with and without the presence
of prebiotic and measuring the zone of inhibition. In the present investigation the photographs of
petri-plates of Lactobacillus casei, used for the determination of antibiotic (norfloxacin)
sensitivity through well diffusion technique with and without inulin are shown in Figures 6.D.2
(@)(b)(c)(d) and (e). The zone of inhibition measured in terms of linear distance in the five

different cases is given in Table 6.D.2.

Table 6.D.2: Measurement of zone of inhibition in presence of norfloxacin

System Zone of inhibition(mm)
Lactobacillus casei -in absence of 55
inulin
Lactobacillus casei -in presence of 0

commercial grade inulin

Lactobacillus casei -in presence of 0

great millet inulin

Lactobacillus casei -in presence of 0

pearl millet inulin

Lactobacillus casei -in presence of 0

finger millet inulin

This experimental observation reveals that while the candidate bacterium Lactobacillus casei
inherently susceptible towards norfloxacin, a broad spectrum antibiotic, it has developed the said
antibiotic resistance in presence of prebiotic inulin. The antibacterial effect of norfloxacin, a
fluoroquinolone, may be through the inhibitory action on the enzyme DNA gyrase, essential for
replication, repair and transcription of DNA and topoisomerase essential for entangling DNA of

the bacteria under attack [11]. The development of resistance in presence of inulin may be due to
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the chemical bonding of inulin molecule with fluoroquinolone group thus eliminating the
possibility of extinction of the probiotic cell. The formation of a layer of coating of inulin around
the cell wall (referring Figure 6.A.8) may also impedes the transport of fluoroguinolone group
from bulk phase to inside the cell. Effect of Norfloxacin on L. casei in absence and in presence
of prebiotic inulin is shown in Figures 6.D.2 (a),(b),(c) and (d) respectively.

.055m
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Figure 6.D.2 (a): Effect of norfloxacin on Lactobacillus casei in de-Mann Rogosa Sharp
(MRS) agar plate. The marked area indicates the zone of inhibition (0.055 m), (b)(c)(d)(e):
Effect of norfloxacin on Lactobacillus casei in Modified de-Mann Rogosa Sharp (MMRS)
agar plate in presence of glucose and commercial, great millet, pearl millet and finger

millet inulin respectively.

It is evident from the figures that while the inulin treated Lactobacillus casei have grown
profusely in presence of the antibiotic, Norfloxacin, native Lactobacillus casei could not grow in

the identical environment showing the effectiveness of inulin as prebiotic compound.

6.E. Studies on Immobilized Lactobacillus casei (2651 1951 RPK)

6.E.1. Physical nature of the whole cell-matrix conjugate

It has already been noted from literature that immobilization of whole cell in an inert carrier
increases the shelf life of cells. Reusuability of immobilized cells reduces the cost of target
product biomolecule. As stated under material and method section three different techniques of
immobilization of L.casei have been carried out using calcium alginate as carrier material. The
physical nature of the immobilize particle and the average particle size in each case are given in
Table 6.E.1.
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Table 6.E.1: Microscopic size analysis of Beads and Microcapsules*

Microencapsulation Bead/microcapsules | Physical nature of the
Process Diameter product
Entrapment method 2.98333mm

(£ 0.028868mm)

Emulsification/external | 298.333 pm

gelation
(£2.886751 um) o

Emulsification/internal | 23.9333um

gelation
(£ 0.11547 pm)

* Values are mean (n=3) tstandard deviation

6.E.2. Encapsulation efficiency

Bacterial cell loading within the matrix is different for three different immobilization methods.
Encapsulation efficiencies for entrapment, external gelation and internal gelation have been
computed from Equation 5.8 the results in the present case are given in Table 6.E.2.
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Table 6.E.2: Quantitative representation of cell loading for three different immobilization

techniques

Immobilization Entrapment External gelation Internal gelation
processes

Encapsulation 62 76 98
efficiency (%)

6.E.3. Lactobacillus casei (2651 1951 RPK) cell concentration in immobilized Systems

Concentrations of cells in the internal aqueous core of Ca-alginate beads and microcapsules
(internal and external) just after preparation and at the “release time” have been calculated as

follows:

> Internal gelation

By using 10 mL of cell solution containing 8mg/mL biomass, 1g of 16.302*10° microcapsules
was obtained.

Approximately, 10° cells weigh 1mg [12]

Encapsulation efficiency =98%

80*10° *0.98

= *103
16.302*10° 4.809%10

Therefore initial number of cells/microcapsule (internal gelation) =

Diameter microcapsule (internal) =24um

Since the microcapsule is prepared using 1:1 oil to aqueous phase ratio, therefore, the volume of
aqueous phase in each microcapsule = (}é*’%*(24*10‘6 )3): 3.617*10"
Therefore, initial concentration of cells per unit aqueous volume of microcapsules =

4.809*10°

- = = * 18 3
sl mgs = 1329%10%/m

Size of the bacterial strain (L. casei):
Length = 2um
Diameter = 0.5 um
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Therefore, cell volume = (7%*(0.5*10‘6)2 *2*10 6)

=3.926*10"° m°®
_ _ _ 3.617*10™°
Maximum number of cells that can be accommodated in each microcapsules = 392%10%
9.227*10°=9227
: : 9227 15,3
The number of cells per unit volume of microcapsules= ————— =2551*10"/m
3.617*10

The maximum biomass concentration in the aqueous core= 2551*10°*10°mg/m?
=2551*10°mg/m?®
=2.551g/mL
> External gelation
By using 10 mL of cell solution containing 8mg/mL biomass, 1g of 8360 microcapsules was
obtained.
Encapsulation efficiency =76%
Therefore, applying the same principle used in case of microcapsules obtained through
internal gelation, initial number of cells/microcapsule (external gelation) = w:
7.27*10°

Diameter of microcapsule=300um

The volume of aqueous core of alginate microcapsule = O.5*§n(150*10'6 )3

=0.705*10™"'m’
Therefore, initial concentration of cells per unit aqueous volume of microcapsules =

7.27*10°

LY 10.312%10Y /m?
0.705%10™ m

Following the principle used in case of microcapsules obtained through internal gelation,

maximum number of cells that can be accommodated in each microcapsules(external) =

0.705*10™*!

_ = *10°
S gprigi = 17:98%10
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The number of cells per unit volume of microcapsules (external)=

17.98*10°

— = 255%10% /m®
0.705*10

The maximum biomass concentration in the aqueous core= 2.55g/mL

> Direct entrapment
By using 10 mL of cell solution containing 8mg/mL biomass, 1g of 8.36 beads were
obtained.
Encapsulation efficiency =62%

80*10° *0.62

= 5.933*10°
8.36

Therefore initial number of cells/bead (Ca-entrapment) =
Diameter of bead=3mm

_ 4
The volume of alginate bead = §7r(1.5*10'3 )= 1.41*10%m?

Therefore, initial concentration of cells per unit aqueous volume of beads =

5.933*10°

W = 4.207*10”/m3

Maximum number of cells that can be accommodated in each microcapsules =

1.41*10°®

————5 =3.596*10"
3.92*10%°

) ) 3.596*10" 8 3
The number of cells per unit volume of microcapsules :W =2.55*10°/m

The maximum biomass concentration in the aqueous core= 2.55g/mL
6.E.4. Antimicrobial activity of immobilized Lactobacillus casei (2651 1951 RPK)

The antimicrobial activity of L. casei entrapped in calcium alginate beads and microcapsules is
shown in Figures 6.E.1(a) through 6.E.1(c). For the purpose of comparison petri-plate containing

free cell is also shown in Figure 6.E.1(d).
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Figure 6.E.1(a),(b),(c),(d): Antimicrobial activity of Lactobacillus casei entrapped in
calcium beads (variation in number of beads), encapsulated through external and internal

gelation tachniques against Escherichia coli

In Figure 6.E.1(a), the agar plate has been divided into four quadrants each containing different
number of Lactobacillus casei entrapped beads. The figures clearly shows that in each case the
growth rate of the selected pathogen, Escherichia coli has been considerably reduced due to the
synbiotic effect of prebiotic-probiotic conjugate. It has also been observed that the zone of

inhibition is more for the quadrant containing more number of immobilized beads. The specific
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advantage in the immobilized system is that the probiotic Lactobacillus casei remains intact
within the matrix but extending its action in the immediate vicinity of the immobilized cell
beads. From Figure 6.E.1 (b), it is apperent that immobilized Lactobacillus casei by external
gelation renders marginally less antimicrobial activity compare to immobilized cells obtained by
entrapment method. On the other hand, Figure 6.E.1(c) which contains cells immobilized by
internal gelation technique shows greater antimicrobial activity compare to external gelation
technique although its performance is marginally lower than the case of cell system obtained by
entrapment technique. Figure 6.E.1(d) clearly indicates that antimicrobial activity of cells under
all three different immobilized condition are much superior to that of the free cells. The
quantitative results on antimicrobial activity for four different cases are given in Table 6.E.1(a)
and 6.E.1 (b).

Table 6.E.3(a): Antimicrobial activity of entrapped Lactobacillus casei cell treated with

inulin

Number of 4 6 8 10
entrapped beads

Zone of 21 225 24 25

inhibition (mm)

For free probiotic (L. casei) cell (zone of inhibition) =10mm
For,

Ca-entrapment, 1 g of bead=8 beads

External gelation, 1g of microcapsules= 8360 microcapsules

Internal gelation, 1g microcapsules= 16.302*10° microcapsules
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Table 6.E.3(b): Antimicrobial activity of immobilized Lactobacillus casei cell treated with

inulin

Amount of microcapsules Immobilization methods Zone of inhibition (mm)
19 External gelation 22

1g Internal gelation 37

6.F. Mathematical modeling for the prediction of lactose and biomass
concentration profiles in probiotic microcapsules and beads suspended in

lactose rich MMRS medium and green coconut water

6.F.1. Simulated Profiles

The simulated concentration profiles of substrate and biomass considering their evolution over
different values of incubation time (t=10000s and t=600min) have shown in Figures 6.F.1 (a)-(g)
and 6.F.2 (a)-(g) for Ca-alginate beads and microcapsules obtained through internal and external
gelation techniques respectively.

6.F.1.1. Substrate and biomass concentration profile for three immobilization processes at
t=10,000 seconds

% For Ca-entrapped beads
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% For microcapsules immobilized through Internal gelation
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Figure 6.F.1(a)-(g): Substrate and biomass concentration profile for three immobilization

processes at t=10,000 seconds

6.F.1.2. Substrate and biomass concentration profile for three immobilization processes at

t=600min
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Figure 6.F.2(a)-(g): Substrate and biomass concentration profile for three immobilization

processes at t=600min

6.F.1.3. Substrate and biomass concentration profile for Ca- alginate entrapment;
t=700min.
Forr=0.9R; Cx =2.5g/cm3
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Figure 6.F.3(a)-(c): Substrate and biomass concentration profile for Ca-entrapment

method processes at t=700 min

In case of encapsulation via direct entrapment, the generation of radial concentration profile of
both substrate and biomass at each value of incubation time has been observed. No such radial
profile of concentration of substrate is obtained for any of the microcapsules. This may be due to
relatively larger diameter of the beads compared to that of microcapsules. From the analysis of
the Figure 6.F.1 (a), it is evident that the saturation level of substrate concentration of 20g/L at
the outermost radial position is attained at 10000s for Ca-alginate beads. In case of
microcapsules the substrate concentration reaches the saturation value of 20g/L at each radial
position (Figure 6.F.1 (d) and 6.F.1 (f)). On the other hand, an ever increasing trend in the time-
concentration plot of biomass has been observed for all encapsulated system (Figure 6.F.1(c),
6.F.1 (e), 6.F.1(g)) . However, unlike microcapsules, spatial gradient of biomass is also observed
for the Ca-alginate beads. The Figures 6.F.2(a)-(g) show the dependence of concentration of
substrate and biomass on the incubation time up to 600 min and radial position for Ca-alginate
beads and microcapsules respectively. The time concentration profile of substrate for beads,
depicted in Figure 6.F.2 (a), clearly indicates a decreasing trend after reaching a maximum value
at a particular incubation time of 50 min at each radial position. This can be due to higher
assimilation rate of substrate by the probiotic cells in comparison to its rate of diffusion from the

abiotic external medium. The biomass concentration, however, shows an increasing pattern over
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the entire time span. In case of microcapsules, while the substrate concentration remains
saturated, increasing pattern of time-concentration plot of biomass is sustained. This indicates
that the rate of diffusion of substrate is almost offset by the rate of consumption by the biomass
(Figure 6.F.2.(d)-(g)). As evident from the previous calculation, the maximum attainable biomass
concentration in all types of immobilized system is 2.55 g/mL. This value is achieved at 574 and
587 minutes for the microcapsules produced through internal and external gelation respectively.
Figures 6.F.3 (a)-(c) represent the time-concentration profiles for substrate and biomass within
Ca-alginate beads up to 700 minutes as a function of radial position. The profiles for both
substrate and biomass are very similar to those obtained at 600 min. Further analysis of the
Figure 6.F.3 (b) indicates that the biomass concentration of 2.55 g/mL is attained at 668minutes.
These values have been compared with the experimental ones obtained for lactose rich MMRS
medium and green coconut water sample containing initial lactose concentration of 20g/L in
Figure 6.F.4 and good agreement has been established indicating the validity of the model. This
mathematical model is expected to be applicable for the prediction of the behavior of
encapsulated probiotics used for the preservation of food. The delayed release of probiotics due
to the immobilization clearly enhances their availability for prolonged preservation period [13].
Since the bacteriocin, caseicin in case of Lactobacillus casei having antimicrobial activity
against pathogenic bacteria can diffuse out of the encapsulated environment due to their small
size the shelf life of the preserved food is enhanced even when the probiotics are in immobilized
form. After the release of probiotics into the food matrix their growth is sustained till the supply
of nutrients is ensured. The survival of encapsulated probiotic organisms in another food matrix,
viz carrot juice has been reported by Nazzaro et al and Ying et al during the studies on
preservation at 4°C [14, 15]. The mathematical model developed under this study is the first one
for immobilized probiotics suspended in food matrix and it is expected to be successfully
implemented for the further designing of probiotic food. In a recent literature, Kailasapathy
pointed out that the probiotic micocapsules will play a determining role in food processing
industry and future food regulations will make it mandatory to mention the viability of cells in
the “probiotic food matrix“[16]. This mathematical model will be particularly useful for this
purpose.
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6.F.2. Experimental “Release time” of microorganisms from entrapped systems of
probiotics exposed to MMRS medium and lactose rich green coconut water

The values of “release time” of probiotic cells from the Ca-alginate beads and different
microcapsules exposed to MMRS medium and lactose-rich green coconut water are provided in
Table 6.F.1. From the analysis of the table, it is evident that the bursting of Ca-alginate beads
require the longest time, while the microcapsules produced through internal gelation are ruptured
first. From of the comparison of release time of probiotics from the immobilized systems in
MMRS medium and lactose rich green coconut water it is clear that the values obtained for
MMRS medium are always lower than those obtained from green coconut water. This is due to
the fact that although the probiotics are supplied with same concentration of lactose (20 g/L) for
both the media, the essential micronutrients are present in MMRS are not available in green
coconut water. Therefore, the growth rate of cells within the immobilized system suspended in
MMRS medium is expected to be higher than that obtained in green coconut water resulting in

early bursting of immobilization matrices in the former.

Table 6.F.1: “Release time” of immobilized probiotic cells in lactose rich MMRS medium

and green coconut water

Immobilization methods “Release time”
(Minutes)
MMRS Green coconut
water
Internal gelation 570 572
External gelation 580 585
Ca-entrapment 664 670

The Table 6.F.1 provides the matrix of the experimental values of burst-off times for the beads or
microcapsules; prepared via different methods of encapsulation when suspended in MMRS
medium. “Burst-off” time for beads and capsules varies with the methods through which they are

formed. As per expectation, the maximum “burst-off” time is required for Ca-alginate beads.
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This is due to the presence of high diffusional resistance of substrate i.e. lactose and lowest

surface area to volume ratio.

800
FOO ]:
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g I I
E s00 - MMRS medium(Sinmlated
E values)
g 400 = MMRS medium (Experimental
g values)
g 300 7 ¥ Green coconut water
) 200 -
100 -

Internal gelation External gelation Ca-entrapment

Figure 6.F.4: Comparison of experimental and simulated burst off time for beads and

microcapsules in lactose-rich MMRS medium and Green coconut water

6.G. Mathematical modeling for the determination of “Release time” of
probiotic cells from the entrapment beads and microcapsules suspended in

simulated gastrointestinal (GI) juices

6.G.1. Experimental “Release time” of microorganisms from Prebiotic-Probiotic entrapped
systems exposed to simulated Gl juices

It is experimentally observed that while the simulated large intestinal fluid medium becomes
turbid after a certain time interval the other media remain clear for entire 24 h. The time at which
the turbidity suddenly appears in the simulated large intestinal medium corresponds to the
release time of microcapsules from the respective immobilized systems. In Table 6.G.1, the
values of burst off time of Lactobacillus casei from beads and different microcapsules in various

simulated media have been provided.
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Table 6.G.1: “Release time” of Lactobacillus casei from prebiotic-probiotic beads and
microcapsules in various simulated media
Simulated media Immobilization methods “Release time”
(min)
Saliva juice Internal gelation
External gelation
Ca-alginate entrapment
Gastric juice Internal gelation
External gelation
Ca-alginate entrapment
Small intestinal juice Internal gelation
External gelation

Ca-alginate entrapment

Large Intestinal juice Internal gelation 50
External gelation 63
Ca-alginate entrapment 908

From the analysis of the table it can be inferred that the microorganisms cannot release from the
entrapped systems in simulated saliva juice, gastric juice and small intestinal juice. On the other
hand in the simulated large intestinal fluid medium the microorganisms are suddenly released
after different exposure time. The value of released time from the microcapsules produced
through internal gelation is the least among those of all three varieties of entrapped systems
under consideration. On the other hand the release time for the Ca-alginate bead is the longest
among all. This observation may be justified by the fact that the capacity of holding of the
maximum number of cells is minimum in case of internal microcapsules and the maximum in
case of Ca-alginate beads. The reason behind the incapability of release of probiotics in saliva,
gastric and small intestinal juice environment is due to unfavorable pH of these media with

respect to the growth of Lactobacillus casei in the internal core.
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6.G.2. “Release time” of microorganisms from Prebiotic/probiotic Beads and
Microcapsules in simulated large intestinal fluid: comparison between experimental and
simulated values

Using the Equation 5.20 developed under section 5.6, the release time of the probiotic
Lactobacillus casei from Ca-alginate beads and microcapsules produced through internal and
external gelation in large intestinal fluid environment have been evaluated. The detailed
calculation has been provided in the Appendix.
Determination of Burst-off time

Internal gelation

2551*10"°= 1.329%10"8*e> 8%

t=0.7815 h= 46.89 min

Direct entrapment

2.55%10'%= 4.207*10" *e*83%",

t=15.16 h

External gelation

2.55*10"°= 10.312*10""*¢%83%",

t=1.08 h

The simulated values have been compared with the experimental one in Figure 6.G.1.
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Figure 6.G.1: Comparison of experimental and simulated burst off time for beads and

microcapsules in simulated large intestinal fluid

From the figure it is clearly evident that the computed data are in good agreement with the
experimental ones. Therefore, it may be inferred that the proposition of “burst-release” of
probiotics from the beads and microcapsules is valid. However this should be further verified

with the data obtained through In-vivo experiments using real human systems.

6.H. Mathematical modeling of a simulated in-vitro Gl system to predict the
concentration- time histories of prebiotic/probiotic microcapsules (internal)

microcapsules and released probiotic cells in the simulated GI system

In Figure 6.H.1 (a) and (b) the time histories of unburst (UNB) microcapsules and the probiotic
cells have been depicted. The mass balance equations provided in Table have been used for the
simulation. The in-vitro experimental values of concentration of probiotic cells have been

superimposed on the same figure. The concentration of microcapsules after total pumping time
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of PBS of 2000 min have been measured and have been plotted on the same figure. The
agreement between the experimental and simulated values of microcapsule concentration at 2000
min and that of patterns of time histories of probiotic cells in the reactors representing the
stomach and the small intestine validates the mathematical model. From the close analysis of the
simulated time histories it is clear that the concentrations of microcapsules fall exponentially
with time in the stomach. On the other hand the absence of probiotics in the stomach is also
established from the figure. The pattern of time histories of the microcapsules in the gastric
(stomach) environment can be justified by the fact that once fed into the stomach the
microcapsules are swept away from this reactor at a constant rate. No prebiotics are detected in
the stomach since there is no rupture of microcapsules in this acidic environment. From the
analysis of Figure 6.H.1 (b) it appears that the time history of the microcapsules passes through a
maximum in the small intestine. This is justified by the fact that the microcapsules are both fed
and removed from the small intestine and there is initially an apparent increase in microcapsules
due to the disparity between the hydrodynamic residence time in the stomach (80.5min) and
small intestine (268.8min). Declining pattern is observed as soon as the concentration of
microcapsules in the stomach becomes zero and hence the outlet PBS stream from the stomach is
free from microcapsules. Similar to the gastric environment, the immobilized probiotics are not

released in the small intestine due to unfavorable pH.
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Figure 6.H.1: Concentration profiles for human gut system
Cmcst: Concentration of microcapsules in “stomach”; Cycs;: Concentration of microcapsules in
“small intestine”; CmcLi: Concentration of microcapsules in “large intestine”; Cxpr:

Concentration of probiotic cells

Figure 6.H.1 (c) depicts the simulated time-concentration plots of unburst microcapsules as well
as the total number of microcapsules that would have been present if there were no bursting of
cells. The in vitro experimental value of the concentration of unburst microcapsule at 2000
minutes of pumping time of PBS solution has also been graphed in the same figure. From the
patterns of the simulated plots it is clearly evident that both the concentrations of whole
microcapsules and the summation of concentrations of unburst and ruptured microcapsules pass
through maxima. The maximum in the time concentration plot of unburst microcapsules is
obtained much earlier than that on the time-concentration plot of total microcapsules (unburst +
ruptured). The pattern of variation of concentration of unburst microcapsules with time may be
explained by the fact that while the concentration increases due to the feeding of PBS stream

from the small intestine containing microcapsules it diminishes as a result of rupture of
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microcapsules (RUP) after each 50 min of residence time and due to the outlet. On the other
hand the pattern of time history of total microcapsule shows the pattern if there were no burst
releases of probiotics and hence is guided by the hydrodynamics. The simulated value of
concentration of unburst microcapsule at 2000 minutes is in agreement with its experimental
counterpart. Figure 6.H.1 (c) depicts the simulated time concentration profile for the probiotic
cells in the reactor representing large intestine. The experimental values of concentration of cells
have also been superimposed on the Figure 6.H.1 (d). Expectedly, the time history of the
probiotic cell shows an increasing trend. The agreement between the experimental and simulated
values validates the mathematical model for the prediction of behavior of prebiotic-probiotic
microcapsules in the in vitro simulated Gl system. The predictions of the model should be
verified by comparing with the results of in-vivo experiments on real human system. From the in-
vitro experiment and from the prediction of the mathematical model, it is clear that after the
intake of a dose of prebiotic/probiotic microcapsules, there will be sustained release of probiotic
cells up to 2000 min and later. Since the prebiotic biomolecules are also released and other
carbohydrates are available in the real large intestinal environment, their growth after release will
also be supported. However, it is understandable that as different types of food substances are
simultaneously up-taken by human beings in reality, complex mathematical models
incorporating the interaction of microcapsules with other food molecules may be necessary.

Kailashpathy has identified that co-encapsulation of prebiotic biomolecules and probiotic
bacteria within a single capsule will serve as an useful tool for the controlled release of the later
through the enhance mental growth due to synbiotic effects [16]. This is the first mathematical
model to predict the release time for the probiotics in the GI environment. Although many
pioneering mathematical models have been developed for the growth behavior of probiotic cells
in the GI environment [17-21]. However the present model is a “proof of concept” type one and
needs further modification by incorporating the real behavior of the GI environment, viz.,
consideration of non-Newtonian behavior of fluids, effects of interaction between other food
molecules and the microcapsule and so on. Ultimately the validity of the model should be

checked by the comparison with the in-vivo results.
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6.1. Application of immobilized probiotic Lactobacillus casei(2651 1951 RPK) in

food material

6.1.1. Application of immobilized probiotic in Indian milk cake

One of the major factors of immobilized prebiotic-probiotic conjugate system is their shelf lives
when stored in different temperatures. In order to get quantitative idea of cell viability of such
conjugate system, in the present investigation a set of programmed experiments has been carried
out. Milk cake a very common sweet material of Asian subcontinent people has been selected as
the candidate food material as the principle source of support material. All the three immobilized
samples obtained after following three different immobilization techniques, viz.,
microencapsulation (both external and internal gelation) and gel entrapment have been studied
separately. In each case immobilized native Lactobacillus casei has been used for comparison
purpose.  Viability of probiotic Lactobacillus casei cell in fortified food product after
preservation has been noted at two different temperatures, viz., 4 °C and -20 °C respectively.
Results are shown in Table 6.1.1. In the present investigation viability of cell has been reported in

terms of cell count of Lactobacillus casei.

Table 6.1.1: Results of viability assay (cell concentrations) for fortified milk cakes*

We Microcapsules Beads Microcapsules
eks (External gelation) (Entrapment) (Internal gelation)
(x107)/mL (x107")/mL (x107)/mL
PRO PRO+CI PRO PRO+CI PRO PRO+CI PRO+PMI
A B A B A B A B A B A B A B

1 220 | 69.6 | 51.6 | 72+ | 13.6 | 25.6 | 24.6 | 34.6 40+ 71.6% 60+ 88.6 | 84.6+ 94.6%
+ * * 0.00 * + + + 0.000 0.577 0.000 + 0.577 0.577
0.00 | 0.57 | 0.57 0 0.57 | 0.57 | 0.57 | 0.57 0.57
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2 127 | 356 | 176 | 626 | 9+ | 106 | 13+ | 196 28.6+ 43+ 416 | 62.6 | 42.6% 64+
+ * * * 0.00 + 0.00 + 0.577 0.000 0.577 + 0.577 0.000
0.57 | 0.57 | 0.57 | 0.57 0 0.57 0 0.57 0.57
7 7 7 7 7 7 7
3 6.7 | 13+ | 86+ | 356 | 46+ | 9+ | 9.6+ | 126 14.6% 34.6% 216+ | 46+ | 23.6% 37.6%
+ 0.00 | 0.57 + 0.57 | 0.00 | 0.57 + 0.577 0.577 0.577 | 0.00 | 0.577 0.577
0.57 0 7 0.57 7 0 7 0.57 0
7 7 7

4 33+ | 7% 5t | 146 | 3.6 | 6.6+ | 7.6+ | 9% 6.6+ 16.6+ 116+ | 246 11+ 24.6+
0.57 | 0.00 | 0.00 + 0.57 | 0.57 | 0.57 | 0.00 0.577 0.577 0.577 + 0.000 0.577
7 0 0 0.57 7 7 7 0 0.57

*For Table 6.1.1, PRO: fortified with only probiotic; PRO+CI: fortified with probiotics and
commercial inulin; PRO+PMI: fortified with probiotics and pearl millet inulin; A: preservation
at 4°C; B: -20°C.

*Values are mean (n=3) xstandard deviation
6.1.2. Viability of the probiotic cells in fortified food products after preservation

In Figure 6.1.1 (a) and 6.1.1 (b) the photographs of the spread plates obtained for unfortified food
samples and that fortified with encapsulated L. casei are provided. It clearly indicates that while
the control is fully contaminated, no contamination is observed in case of the fortified one. This
establishes the antimicrobial activity of the immobilized probiotic culture against contaminating
microorganisms and the elongation of shelf life. Due to unavailability of literature data, the

results cannot be compared.
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—

Figure 6.1.1(a): Plate for control sampéﬁof rhilkcakewithout probiotics) on 4™ week after

preservation at 4 °C

Figure 6.1.1(b): Plate for milk cake sample fortified with encapsulated probiotics on 4™

week after preservation at 4 °C

The bar plots (shown in Figures 6.1.2. (a), through 6.1.2.(d)) depict the concentrations of viable
Lactobacillus casei cells in fortified milk cake samples. Fortification has been done by gel
entrapped beads and microcapsules containing either native probiotics or mixture of probiotics
and prebiotic commercial inulin (derived from chicory). Results of samples preserved for four

weeks at an interval of one week each have been reported.
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Probiotic)(4°C); MM : Internal gelation (Commercial inulin -Probiotic)(-20°C).

Figure 6.1.2(a)-(d): Comparison of effects of immobilization methods and fortification
vectors (only Probiotic or Commercial inulin -Probiotic) on viability of probiotics in
fortified milk cakes preserved at 4°C and -20°C.

It is clearly indicated in the Figure 6.1.2 (a) through (d) that irrespective of the methods of
immobilization, fortification vectors and period of preservation, the viability of the cells is more
for preservation condition of -20 °C in comparison to that exhibited at 4°C. This is due to better

preservation of cells at -20 °C compared to that at 4 °C. Similar observations were obtained by
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Martin et al during their studies on preservation of immobilized L. fermentum at -20 °C and 4 °C
for 30 days [22]. Irrespective of immobilization method preservation temperature and
fortification vector, it is observed that the viability of cells decreases even at -20 °C with the
increase of preservation period. This may be due to the fact that on prolonged preservation at
sub-zero temperature cells age, and lysis takes place. While analyzing the effect of
immobilization technique on the viability of cells, it is revealed that whatever might be the
fortification vector and the preservation time and condition, the best viability of cells was shown
by the microcapsules produced through internal gelation method. This is justified by the fact that
due to small size of microcapsules the surface area available for the transport of substrates
present in the extracellular food materials into the cells was increased resulting in more
sustainability of cells. This is also due to the low leakage of cells from the microcapsules in case
of internal gelation beads as compared to the external beads and the Ca-alginate entrapped beads
[22,23]. Better viability of preserved probiotic cells immobilized through internal gelation in
comparison to those immobilized with entrapment and external gelation techniques has also been
observed by other researchers [22]. It is clearly indicated from the comparison of performance of
fortification vectors that irrespective of immobilization method and preservation period, the best
viability of cells is exhibited by the co-immobilized combination of probiotic cells and
commercial inulin. This is due to the fact that even under immobilized condition, the prebiotic
inulin serves as a suitable substrate for the sustainability of the probiotic cells. As no reported
data are so far available on the effect of co-immobilization of L. casei and a prebiotic compound,
the comparison could be made with the literature data. It is observed that the variation of the
probiotic cell count (CFU) in the 0.2 g/mL solution of food sample in phosphate buffer, as
described under experimental section, is in the range of 3-95 x10’ /mL and is much higher than
the recommended lower limit of cell count of 10° CFU/mL in probiotic food. Thus all the milk
cakes fortified by different vectors are suitable as probiotic food. Among all samples,
combination of probiotic cells with prebiotic inulin, immobilized through internal gelation, is the
most effective one. As expected, the prebiotic inulin is effective in enhancement and
sustainability of probiotic cells even in co-immobilized condition. All the food samples are

suitable for human intake even after 4 weeks of preservation.
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The viability of probiotic cells in milk cakes fortified by microcapsules produced through
internal gelation containing combinations of L. casei and either commercial inulin or pearl millet

inulin is indicated in the Figure 6.1.3.
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Figure 6.1.3: Comparison of effect of microcapsules obtained by internal gelation method
for both the combination probiotic-commercial inulin and probiotic-pearl millet inulin at
4°C and -20°C in case of milk cake.

(Results are average of those obtained from three replicate observations. Standard deviation
varies from 0 to 0.57735)

A close analysis of the figure clearly reveals that the effectiveness of pearl millet inulin in
enhancement of sustainability of probiotic cells is marginally better than that of commercial
inulin. This may be due the difference in degree of polymerization of inulin derived from chicory
and pearl millet inulin. However, more experiments have to be conducted to reveal the exact fact.
Substitution of commercial inulin by derived from pearl millet seems to be promising on

commercial scale in near future.

6.1.3. Application of immobilized probiotic in Indian jaggery
The promising results obtained on sweet milk cake paves the way of diversification in other

perishable food materials. Thus in the present investigation a programmed experiment has been
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carried out on the viability of cell count for immobilized prebiotic-probiotic fortified jaggery.
Experimental procedure similar to that followed in case of Indian milk cake. The results are

shown in Table 6.1.2.

Table 6.1.2: Results of viability assay (cell concentrations) for fortified jaggery*

Weeks Microcapsules Beads Microcapsules
(External gelation) (Entrapment) (Internal gelation)
(x107)/mL (x107)/mL (x107)/mL
PRO PRO+CI PRO PRO+CI PRO PRO+CI PRO+PMI
A B A B A B A B A B A B A B
1 34.6 75+ 67.6 85.6 20.6 32+ 33.6 44.6% 57.6x 82.6+ 73+ 94.6 97.6% 104.6x
+ 0.00 + + + 0.00 + 0.577 0.577 0.577 | 0.000 + 0.577 0.577
057 |0 0.57 | 057 | 057 0 0.57 0.57
7 7 7 7 7 7
2 22 47.6 44.6 59+ 13+ 19.6 21.6 30.6+ 35.6+ 58+ 52.6+ 70.6 75+ 84.6x
+ + + 0.00 | 0.00 + + 0.577 0.577 0.000 0.577 + 0.000 0.577
0.00 0.57 | 057 0 0 0.57 | 057 0.57
0 7 7 7 7 7
3 12.6 | 20.6 27+ 41+ | 6.6+ | 106 | 146 25+ 20.6+ 42.6+ 32.6+ 56+ 35.6+ 68.6+
+ + 0.00 0.57 0.57 + + 0.000 0.577 0.577 0.577 0.00 0.577 0.577
0.57 0.57 0 7 7 0.57 0.57 0
7 7 7 7
4 4.6 13.6 11.6 26+ 2.6 8.6+ 7+ 9.6+ 10+ 22.6x 20.6x 34.6 17.6x 28+
0.57 + + 0.57 0.57 0.57 0.00 0.577 0.000 0.577 0.577 + 0.577 0.000
7 0.57 0.57 7 7 7 0 0.57
7 7 7

*For Table 6.1.2, PRO: fortified with only probiotic; PRO+CI: fortified with probiotics and
commercial inulin; PRO+PMI: fortified with probiotics and pearl millet inulin; A: preservation
at 4°C; B: -20°C.

*Values are mean (n=3) xstandard deviation
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The results clearly indicate that performance of prebiotic-probiotic conjugate is much better in
case of jaggery compare to the Indian milk cake system. This is possibly due to abundant
availability of glucose present in jaggery enables the probiotic to grow in a larger rate compare to
the Indian milk cake system. Thus the performance of immobilized L. casei in association with
the prebiotic either commercial inulin or pearl millet inulin( isolated in-house) is much better in
case of jaggery compare to the Indian milk cake. A close inspection of the experimental data also
reveals that the performance of immobilized L. casei in association with pearl millet inulin

marginally better compare to that of its commercial inulin counterpart.
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Probiotic)(4°C); M : Internal gelation (Commercial inulin -Probiotic)(-20°C).
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Figure 6.1.4: Comparison of effects of immobilization methods and fortification vectors
(only probiotic or Commercial inulin- Probiotic) on viability of probiotics in fortified

jaggery preserved at 4°C and -20°C.
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Figure 6.1.5: Comparison of effect of microcapsules obtained by internal gelation method
for both the combination probiotic-commercial inulin and probiotic-pearl millet inulin at

4°C and -20°C in case of jaggery.

6.J. Cost analysis of pearl millet inulin

The commercialization of any product depends on its production cost to attain a competitive
position with respect to similar products in the market. A cost analysis of production of inulin
extract from pearl millet (bajra) has been done based on the optimum condition determined
through RSM using laboratory scale experimental data.

On the annual basis the following results were obtained using the correlations derived in section

5.9 (Theoretical analysis).
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Table 6.J.1 Cost analysis of extraction of inulin from pearl millet (bajra) in small scale

Parameter | Significance Value

M., Quantity of pearl millet processed 2240 kg

Q. Quantity of pure inulin extracted 423.808 kg

W, Volume of water used, mass of pearl millet | 16800L
processed

H, Volume of HCI used, mass of pearl millet | 22.4 L
processed

E, Energy consumption 4838.4 kWh

E, Total energy cost Rs. 32756

M, Total material cost ( Pearl millet+ water+ HCI+ | Rs. 2,41,120
Other chemicals+ Filter cloths etc.)

Rey Total annual recurring cost Rs. 12,23,876

FC, Total annual fixed cost Rs. 9,35,000

C, Total annual cost Rs. 2158876

EX, Extraction cost of inulin Rs.5094.091/kg

The cost of 25g commercial inulin is Rs. 2000. According to the lab scale experimental data the

same quantity of pearl millet inulin may be produced by the investment of Rs. 127.35. Although,

it is understandable that more purification of the pearl millet inulin is required before its full

commercialization, it is expected that pearl millet inulin will also be a close and cost effective

competitor of commercial inulin presently available in Indian market.
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In the present investigation comprehensive experiments have been carried out to
understand the synbiotic effect of prebiotic on probiotic in free and immobilized form. Inulin, a
compound in fructo-oligosaccharide group has been used as prebiotic agent while Lactobacillus
casei, a member of Lactic Acid Bacteria (LAB) group has been selected as the candidate
probiotic. Initially inulin has been isolated from a selected range of abundant natural sources.
This includes sources like garlic and Indian millets, viz., pearl millet, great millet and finger
millet. An improvised method of solvent extraction technique has been used for isolation of
inulin from the raw material. Chemical characterization of isolated inulins from different sources
has been carried out with the help of Thin layer Liquid Chromatography (TLC), Fourier
Transform Infra-Red spectroscopy (FTIR) and DNS (3-5 Di-nitro salicylic acid) methods.
Similar experiments have been conducted with commercial inulin for the purpose of comparison.

Investigation on cell dynamics is initiated with the optimization of cell growth media. With
concentrations of lactose and inulin as independent variables the specific cell growth response
has been optimized. Response surface methodology technique has been used as the optimization
tool and a dedicated Design expert 8.1 has been used for this purpose.

Programmed and systematic experiments have been conducted on the cell growth response of
Lactobacillus casei (2651 1951 RPK) (L. casei) in absence and in presence of prebiotic inulin
isolated from different sources. Similar experiments have been performed with the commercially
available inulin. A rigorous mathematical modeling exercise has been carried out to understand
the reaction engineering behavior of the prebiotic inulin on the probiotic, L. casei and validation
of these equations has been made with the help of experimental data. It is observed that inulin
free system using lactose as the carbohydrate source follows classical substrate uninhibited
Monod equation. Interestingly, system in presence of inulin as the only carbon source follows
Haldane equation. The growth of L. casei on inulin and lactose as dual carbohydrate sources
follows summative model equation. It is observed that in these cases beyond a inulin
concentration 0.3225 g/L inhibition sets in. A comparative study on the cell growth dynamics
using inulin from different prebiotic sources clearly indicates that the effectiveness of inulin
isolated from pearl millet is much superior to other systems under investigation. However, when
compared with effectiveness of commercially available inulin it is observed that the effectiveness
of inulin isolated from pearl millet is marginally lower than the former one.

In order to compare the effectiveness of inulin isolated from pearl millet and garlic with that
obtained from commercial source, experiments on antimicrobial activity of these three prebiotics
have been conducted. The results have been expressed in terms of prebiotic scores as suggested
by Huebner et al [1]. It is observed that the performance of prebiotic inulin isolated from pearl
millet source is significantly superior than that of commercially available inulin. Performance of
inulin isolated from garlic ranks lowest in this series. It may therefore be concluded that inulin
isolated from pearl millet has a great future market potential. Effectiveness of prebiotic can also
be expressed in terms of its providing resistance to antibiotic. In the present investigation
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experimental results show that the resistivity of prebiotic inulin - L. casei conjugate towards the
selected broad spectrum antibiotic, Norfloxacin is appreciably high. An attempt has also been
made to explore the possibility of introducing immobilization technique in prebiotic-probiotic
conjugate system for finding newer applications of the conjugate. It is observed that inulin-L.
casei conjugates, immobilized through internal gelation, possesses significantly high resistance
to the candidate pathogen E. coli.

Three mathematical models have been developed for the prediction of release time of L. casei
from microcapsules formulated through internal gelation technique under optimum condition for
different systems. The concept of “burst release” mechanism of probiotic cells from the
microcapsules has been proposed under the present study. One model has been able to predict the
‘release time’ of probiotic cells and the concentration profiles of substrate lactose and the L.
casei cells in probiotic microcapsules suspended in lactose rich MMRS medium and green
coconut water. The second model has been developed to predict the release time of L. casei from
prebiotic-probiotic microcapsules suspended in simulated large intestinal juice. Both the models
have been validated by the successful comparison with the experimental data. In the third model
the human GI system has been represented by three continuous stirred tank bioreactors, namely,
“stomach”, “small intestine” and “large intestine” in series. The concentration time histories of
microcapsules and L. casei in the model “stomach”, “small intestine” and “large intestine”,
expected to be obtained after the intake of a quantum of prebiotic-probiotic microcapsules by
human body, have been simulated. The model has been validated by the comparison with the
experimental data of in-vitro GI system.

In order to find the newer applications of immobilized system a detailed study has been
conducted on two polysaccharide rich food products, viz., Indian milk cake and jaggery for
improving preservation time. It is observed that the immobilized conjugate obtained by internal
gelation technique is the most efficient compared to other two systems obtained by following gel
entrapped and external gelation techniques. It is also observed that the performance of inulin
obtained from pearl millet performs even better than commercial inulin as food preservatives for
these two selected Indian foods. It may, therefore, be concluded that immobilized prebiotic-
probiotic conjugate may find wide application as food preservative containing highly useful
probiotics.

The cost analysis of the extraction process of pearl millet inulin indicates the economic viability
of the process and its competitiveness with the commercial inulin.
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The observations obtained in the present study evidently demand a more comprehensive
and systematic investigation for the commercial implementation of the process. It is proposed to
standardize the isolation method of inulin followed in laboratory scale in the present
investigation on a bench-scale size. This may later be extended to the pilot plant study to evolve
technology of prebiotic isolation suitable for adaption on commercial scale. Scale up exercise
may be done following chemical similitude.

Once the method of isolation of prebiotic is standardized, application of such isolated prebiotics
as probiotic cell growth enhancer may be carried out in different type of bioreactors so as to
identify the most suitable contacting device for getting favorable product distribution, yield of
the probiotic Lactobacillus casei in the present case.

In the present investigation antimicrobial activity of the prebiotic-probiotic conjugate have been
studied with respect to a single pathogen Escherichia coli. It is felt that this antimicrobial activity
investigation should be extended against several other common pathogens present in human gut.
This includes the antimicrobial activity of L. casei-inulin conjugate against Salmonella,
Enterococcus fecalis, S. aureus. Studies on sensitivity of prebiotic-probiotic mixture when
exposed to antibiotics are highly important since this information provides the effectiveness of
prebiotic. In the present investigation a single broad spectrum antibiotic Norfloxacin has been
tested. However it is felt that this investigation should be extended against other antibiotics
namely ciprofloxacin, levofloxacin, erythromycin and others.

Immobilized prebiotic-probiotic conjugate has been proved to be significantly effective for their
high antimicrobial activity. In the present investigation, a humble effort has been made to use
this property in the preservation of polysachharide rich food products. It is suggested that future
work should be initiated on more sensitive food products in general and infant and elderly food
products in particular.

In the present investigation cell growth associated immobilization techniques have been adopted.
It is proposed to extend the same investigation using immobilized cell prepared under non-
growth associated condition. Above two studies will be highly useful in selecting suitable
bioreactors. The mathematical models developed under the present study are very general in
nature. Therefore, these models may be further used for other probiotic-prebiotic pairs.
Moreover, the further validation of the models can be done by comparing with the data of in-vivo
GI systems of a large population samples.
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Determination of Release time of Probiotic Cells, t,

The release time has been determined using Equation 5.20. The values of N; and N, have been
determined as follows:

By using 10 mL of cell solution containing 8mg/mL biomass, 1g of 16.302*10° microcapsules
was obtained.

Approximately, 10° cells weigh 1mg [1]

Encapsulation efficiency =98%

80*10°*0.98 _

Therefore initial number of cells/microcapsule (internal gelation) = 16.302°10°

4.809*10°
Diameter microcapsule (internal) =24pum

Since the microcapsule is prepared using 1:1 oil to aqueous phase ratio, therefore, the volume
of aqueous phase in each microcapsule = (}é*’%*(24*10'6 )3): 3.617*10"

Therefore, initial concentration of cells per unit agueous volume of microcapsules =

4.809*10°
W =1.329*10% /m?
* 18
N, = 13297107 ) amgxgie/m?

‘ 0.98
Size of the bacterial strain (L. casei):
Length=2 um
Diameter =0.5 um
Therefore, cell volume = (% *(0.5*10°)* *2*10 6)

=3.926*107"° m®
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. . . 3.617*10"°
Maximum number of cells that can be accommodated in each microcapsules= ————— =

3.92*10*
9.227%10°=9227
. : 9227
The number of cells per unit volume of microcapsules = N, =/ ————|=
3.617*10

2551*10"°/m®
Therefore, according to Equation 16,
2551*10"°= 1.356*10"*0.98*e* %™,

t,=0.7815 h= 46.89 min
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The microencapsulation processes serve potentially to protect probiotic cells against adversity in the GI
tract. The article focuses on the behavior and release characteristics of Lactobacillus casei from synbiotic
microcapsules. Monod (jmax = 0.78 h™, Ks = 2.44 g/L) Haldane (jimax = 0.05 h™!, Ks = 0.2 g/L, K; = 0.52 g/
L) and summative models are followed by L. casei during its growth on lactose, inulin and the combi-
nation of these carbohydrates respectively. The internal micro-encapsulation efficiency (98%) for syn-
biotic microcapsules (24 pm) has been optimized with respect to concentrations of sodium alginate (2%),
tween-80 and post-cooling temperature (25 °C) using Response Surface Methodology. In agreement with
the prediction of proposed “burst release” mechanism, probiotic cells are released after 50 min if 1 g
synbiotic microcapsules are initially suspended in 10 mL simulated large intestinal juice. A mathematical
model has been developed to predict the concentration profiles of microcapsules and released probiotic
cells in the GI system and has been validated through the successful comparison of simulated data with
the results of in-vitro experiments. The concentration of released probiotic cells rises to 1.7E10/L in the
large intestine. Interestingly, this is the first study on the prediction of release of L. casei from synbiotic
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microcapsules and is expected to be useful for similar systems.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Development of nutraceuticals using probiotic bacteria is a
rapidly expanding area of pharmaceutical and food industries. This
is because of the anti-microbial property of these microorganisms
against pathogens. These nutraceuticals are also intended to
replenish naturally occurring gut bacteria, adversely affected due to
rampant use of antibiotics, chemotherapy against carcinoma etc.
The administration of these bacteria in free form results in loss of
viability during the passage through the gastro-intestinal tract,
particularly through the stomach. The immobilization of probiotic
cells in microcapsules and beads has been reported to ensure
controlled release of bacteria and reduce the risk of loss of viability
(Lakkis, 2007). Thus, the microencapsulation technology of pro-
biotic cells has emerged to develop nutraceuticals. External and
internal gelations are the two different methods of micro-

* Corresponding author.
E-mail address: ranjana.juchem@gmail.com (R. Chowdhury).

http://dx.doi.org/10.1016/j.lwt.2017.05.011
0023-6438/© 2017 Elsevier Ltd. All rights reserved.

emulsification. Internal gelation is superior to external one as it
ensures the formation of spherically structured microcapsules of
sizes <1000 um with very narrow size distribution (Ahmed, El-
Rasoul, Auda, & Ibrahim, 2013; Chun, Kim, & Cho, 2014). The
most common biomaterial used for microencapsulation of pro-
biotic bacteria is alginate which is reported to show resistance
against acidity of gastric juice which ultimately protect the pro-
biotic cells against destruction in the GI tract (Cook, Tzortzis,
Charalampopoulos, & Khutoryanskiy, 2012; Chourasia and Jain,
2003). The microcapsules serve as reservoirs or micro containers
for probiotics that ultimately release them at the targeted site i.e.
the large intestine. Kailasapathy, 2002 identified that co-
encapsulation of prebiotic biomolecules and probiotic bacteria
within a single capsule will serve as a useful tool for the controlled
release of the latter due to synbiotic effects. A few pioneering
studies have also been reported on co-immobilization of prebiotics
and probiotics (Pliszczak et al., 2011; Sathyabama, Ranjithkumar,
Brunthadevi, Vijayabharathi, & Brindhapriyadharisini, 2014).
Sathyabama et al. selected Staphylococcus succinus (MAbB4) and
Enterococcus fecium (FIdM3) as the probiotics and oligosaccharides,
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namely, sugarbeet and chicory as the prebiotics for immobilization
through emulsification and observed that the incorporation of
prebiotics increased the viability of co-encapsulated probiotics and
the resistance of microcapsules against the acidity of gastric juice
and bile salt. They suggested for the requirement of more research
studies on the efficacy of co-encapsulation in the human gut
environment through modeling. Plizzack et al. reported prepara-
tion of bio-adhesive microparticles through emulsification/gelation
method using the probiotics, namely, Lactobacillus rhamnosus, L.
salivarius, L. brevisandL. L. plantarum and prebiotics, namely, FOS
Actilight_ 950S and 950P. They observed complete release of pro-
biotics in simulated vaginal fluid at the end of 16 h. They identified
the necessity for the study of kinetics of probiotic delivery at the
target site. The present research group has also reported the
elongation of shelf-life of food in presence of synbiotic microcap-
sules (Banerjee, BAG, Chowdhury, & Bhattacharya, 2017). However,
no attempt has been made to study the dynamics of release of
probiotics in the food matrix from the microcapsules. From the
literature review, it is clear that although the popularity of probiotic
health products is increasing rapidly, a gap still remains regarding
the unwinding of the mechanism of release of cells at the gut
through modeling and prediction of release pattern of probiotics
from the synbiotic microcapsules (Gbassi & Vandamme, 2012;
Kailasapathy, 2002; Pliszczak et al., 2011; Sathyabama et al.,
2014). The release time is predominantly guided by the growth
pattern of probiotic cells within the capsules and the mechanism of
release. The prediction of the release time of cells from the pro-
biotic neutraceuticals at the large intestine is possible through the
development of mathematical model. From the reported literature
it is clear that a few pioneering in-vitro models have been devel-
oped predicting the viability of free probiotic cells in gastrointes-
tinal environment (Macfarlane, Macfarlane, & Gibson, 1998; Child
et al, 2006). However, no studies have been reported on
modeling the release of co-encapsulated probiotic cells from pro-
biotic or synbiotic microcapsules in the gut environment. Under the
present research study the growth kinetics of L. casei individually
on lactose and prebiotic inulin and in presence of combination of
lactose and inulin have been determined. The resistance of the
microcapsules co-encapsulating probiotic L. casei and prebiotic
chicory inulin against simulated gastric (pH 2) and small intestinal
(pH 8) juice has been evaluated experimentally. The human GI tract
has been simulated by three continuous stirred tank bio-reactors,
representing the “stomach”, “small intestine” and “large intes-
tine”. A mathematical model has been developed to predict the
characteristics of release of probiotic cells from synbiotic micro-
capsules during the passage through the simulated GI system. The
model-predicted concentration profiles of microcapsules and
released probiotic cells have been compared with those obtained
from the simulated in-vitro experimental set-up.

2. Materials and methods
2.1. Chemicals

Calcium chloride, sodium alginate, tween 80, acetic acid, glyc-
erol, Sodium Dodecyl Sulphate (SDS), beef extract, calcium car-
bonate, lactose, purchased from Merck, India were used. Yeast
extract, peptone, sodium acetate, di-potassium hydrogen phos-
phate, tri-ammonium citrate, magnesium sulphate, manganese
sulphate, sodium chloride, di-sodium hydrogen phosphate, potas-
sium di-hydrogen phosphate, glucose, purchased from Himedia,
India, pancreatin (SIGMA-ALDRICH), bile salt (cholic acid sodium
salt, ~50%; deoxycholic acid sodium salt, ~50%) (SIGMA-ALDRICH)

were used for this study. Rice bran oil, purchased from local market
was used.

2.2. Microorganism

Lactobacillus casei (2651 1951 RPK) was purchased from NCIM,
Pune. The SEM image of the cells is shown in Fig. 1. The length and
diameter of the microorganism are 2 um and 0.5 pm respectively.

2.3. Modified de-Mann Rogosa Sharpe (MMRS) medium

Beef extract: 10 g/L; Yeast extract: 5 g/L; Peptone: 10 g/L; So-
dium acetate: 5 g/L; di-potassium hydrogen phosphate: 2 g/L; Tri-
ammonium citrate: 2 g/L; Magnesium sulphate: 0.05 g/L; Manga-
nese sulphate: 0.05 g/Land Lactose: 20 g/L; pH 7.

2.4. Simulated juices

Gastric juice was simulated by using sodium chloride (9 g/L) and
pepsin (0.3 g/100 ml). The pH was adjusted to 2.0 with HCI. Saliva
solution was simulated by mixing 0.62% (w/v) NaCl, 0.22% (w/v)
KCl, 0.02% (w/v) CaCly and 0.12% (w/v) NaHCO3(Cook et al., 2012); ,
The gut juice was simulated using phosphate buffer saline (PBS)
(NaCl: 8 g/L; Na2HPO4: 1.44 g/L and KH2PO4: 0.24 g/L) with pH
adjusted in the range of 6.5—8 (Chapin & Lauderdale, 2003; Gbassi
& Vandamme, 2012). PBS containing 0.09% (w/v) pancreatin and
0.6% (w/v) bile salt with pH adjusted to 8.0 was used to simulate
small intestinal juice (Sathyabama et al., 2014).

2.5. Equipments and analytical instruments

Magnetic stirrer (Remi, India), Constant temperature bath (S.C
Dey& Co., India) and High speed homogenizer (Plasto Crafts
(Model: Superspin R-V/Fy), India), Optical microscope (OPTIKA,
Italy), Spectrophotometer (Varian, Cary 50 Bio USA) and FESEM
(JSM 6700A, Jeol Ltd., Japan) were used.

2.6. Experimental procedure

2.6.1. Pre-adaptation of Lactobacillus casei (2651 1951 RPK) to
different carbohydrate sources

The probiotic bacteria, namely, Lactobacillus casei was pre-
adapted to different carbohydrate sources, namely, lactose and
commercial inulin. For pre-adaptation to lactose and inulin, sterile
MMRS medium was prepared by using 50 g/L and 20 g/L lactose and
inulin respectively. Each medium was inoculated with 1% (v/v) of
L. casei and was incubated for 24 h at 37 °C. For pre-adaptation of
L. casei to combination of both carbohydrates, the concentrations of
lactose and inulin were maintained at 50 g/L and 20 g/L
simultaneously.

2.6.2. Batch studies for the determination of growth of Lactobacillus
casei (2651 1951 RPK) on lactose, inulin and mixture of lactose and
inulin

Batch growth of L. casei was investigated using lactose as the
carbon source and the initial concentration was varied in the range
of 10—30 g/L. Similarly, another set of experiments was conducted
using inulin as the sole carbon source. The initial concentration of
inulin was maintained in the range of 0.035—0.624 g/L. A separate
set of batch experiments was performed using a mixture of lactose
and inulin as the carbon source. At each value of initial concen-
tration of lactose of 10, 20, 30 and 40 g/L, the initial concentration of
inulin was varied in the range of 0.164—0.624 g/L. For each
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experiment, incubation was done for 24 h at pH and temperature of
7 and 37 °C respectively. The cultures were withdrawn at 1 h in-
terval and the concentration of biomass was determined using UV-
VIS spectrophotometer. Each experiment was repeated thrice.
Batch studies for the determination of growth behavior of
L. rhamnosus have been reported by Berry et al. (1999).

2.6.3. Preparation of synbiotic microspheres: design of experiment
for optimization of microencapsulation efficiency

For the co-encapsulation of L. casei with inulin via internal
gelation method, the protocol suggested by Song, Yu, Gao, Liu, &
Ma, 2013 has been principally followed. The L. casei culture, pre-
adapted to combination of lactose and inulin was spiked with
lactose and inulin up to the respective optimum concentration
levels of 20 g/L and 0.3225 g/L respectively (Banerjee, Chowdhury,
& Bhattacharya, 2016). 1 mL of the culture was mixed with sodium
alginate solution in the volumetric ratio of 1:4. CaCO3 powder up to
a concentration level of 0.8 g/L and Tween-80 were added to each
mixture. This mixture was then combined with vegetable (rice
bran) oil in the volumetric ratio of 1:5 and stirred at 300 rpm for
30 min. Vegetable oil is used to avoid aggregation of microcapsules
during gelation step. Since the viscosity of rice bran oil is moderate
(0.0398 Pa s) the microcapsules are expected to have small particle
size since it has been reported by Plizzack et al. that microcapsules
of large size are obtained using oil having low viscosity (0.01 Pa s).
Moreover, the richness of rice bran oil in antioxidants mainly ory-
zanol etc. is among other reasons behind its choice. The mixture
was post-cooled by circulating water from a constant temperature
bath and acetic acid was next added drop wise to the solution to
release the Ca®* from the insoluble CaCOspowder. The microcap-
sules were formed and were filtered with muslin cloth and washed
with 1% (v/v) aqueous tween 80 solution and distilled water. The
microcapsules were then stored at 4 °C.

Design of experiments was done using central composite design
and a statistical model correlating the response variable, encap-
sulation efficiency (E.) with the independent factors, namely,
alginate concentration (1—2%), emulsifier concentration (Tween
80) (0.5—1.5%) and post cooling temperature (15—25 °C) was
developed using response surface methodology (RSM). For this
purpose, a set of 20 experiments at pre-set conditions. The devel-
opment of statistical model and identification of optimimum

LEI 50KV X14000 Tpm

Fig. 1. SEM image of Lactobacillus casei (2651 1951 RPK).

conditions for the maximization of the microencapsulation effi-
ciency was performed using Design Expert software 8.1.

2.6.4. Size analysis of microcapsules

Samples of 10 microcapsules were chosen randomly from the
respective total population and the configuration and mean size
was determined using the optical microscope. The mean of three
samples chosen from each population of microcapsules was
determined along with the standard deviation.

2.6.5. Determination of “Release time” of Lactobacillus casei (2651
1951 RPK) from synbiotic microcapsules in GI fluids

Microcapsules containing a mixture of L. casei and commercial
inulin were used for this assay. For obtaining the “burst-off” time of
the capsules in the simulated saliva solution, “gastric juice”, and
small and large intestinal juices, microcapsules weighing 3 g were
suspended in 30 mL of each medium in a 50 mL conical flask and
the mixture was incubated under anaerobic condition at 37 °C for
60 h. The content of the conical flask was observed periodically so
as to obtain the times at which the capsules are burst and there by
the turbidity increases abruptly due to the release of the entrapped
cells. On release of cells, the medium becomes turbid due to the
formation of probiotic suspension. It is well known that the con-
centration of bacterial suspension can be conveniently determined
through the measurement of turbidity. Since a single culture of
L. casei is involved in the study, a standard plot has been generated
using the dry cell concentration and the corresponding value of
optical density of the bacterial suspension at 600 nm (Okkers,
Dicks, Silvester, Joubert, & Odendaal, 1999). Later, the bacterial
concentration has been determined by using the optical density of
the suspension formed as a result of release of cells from synbiotic
microcapsules. Each experiment was repeated thrice.

2.6.6. Operation of three stage bioreactors simulating the human GI
tract

Three continuous stirred tank bioreactors representing the
stomach, the small intestine and the large intestine of volumes
300 mL, 1 L and 5 L respectively were connected in series. As per
literature data the passage time of microcapsule in the stomach,
small intestine and large intestine are 80.5 mins, 3.2 + 1.6 h and
6—32 h (Cook et al, 2012). Initially the reactors representing
stomach, large and small intestine were filled up respectively with
gastric, small intestinal and large intestinal juices and were sparged
with nitrogen to maintain anaerobic condition. The “stomach”
bioreactor was fed with 30 g synbiotic (L. casei-inulin) microcap-
sules, already soaked in saliva solution for 30 min, so that the
concentration of microcapsules in gastric solution was 0.1 g/L
(Sathyabama et al., 2014). The stomach was emptied at a constant
volumetric flow rate of PBS solution of 3.72 mL/min using a peri-
staltic pump and the effluent was fed to the next bioreactor, i.e., the
“small intestine”. The effluent from this reactor was fed to the
bioreactor representing “large intestine” from which the outlet was
withdrawn at the same volumetric flow rate. The reservoir for PBS
was also sparged with nitrogen to maintain anaerobic condition.
The pH of each reactor (pH = 2 for “Stomach”; pH = 8 for “small
intestine” and pH = 7 for “Large intestine”) was adjusted contin-
uously by 0.1 M HCl and 0.1 M NaOH. The values of retention time of
liquid in the reactors, namely stomach, small intestine and large
intestine are 80.6 min, 4.48 h and 22.4 h respectively. The effluent
from the large intestine was collected in a reservoir. Fluid samples
were withdrawn from each reactor at 50min interval and the
release of probiotics was monitored by measuring the optical
density using spectrophotometric method described in Section
2.6.5. The concentration of microcapsules in each reactor was
measured after 2000 min.
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3. Theoretical analysis

3.1. Growth kinetics of Lactobacillus casei (2651 1951 RPK) on single
carbon source

In order to regress the cell growth dynamics of L. casei on single
carbon source, the classical Monod type substrate uninhibited un-
structured model has been attempted first (Shuler & Kargi, 2002).
The equation is as follows:

_ G
~ Ke+Gs (M

Where, 1 is specific growth rate defined as follows:

_1.dGx
H*QW (2)

im— Maximumspecific cell growth rate, h™!
Ks = Substrate saturation constant, g/L

Cs= Concentration of lactose, g/L

Cx = concentration of cell, g/L

A double reciprocal plot has been made using inverse of initial
values of p and Cs as ordinate and abscissa respectively. If the
double reciprocal plot is linear, the values of intrinsic kinetic pa-
rameters, imax and Ks have been determined from the intercept and
the slope. The plot has been provided in the supplementary section.

Haldane type model has been attempted if Monod model is not
valid and substrate inhibition is present. Haldane equation is as
follows (Clark & Blanch, 1997):

_ HmaxCs - 3)
Ks+Cs + ¢

where, K| = Inhibition constant.

The correlation between the initial concentration of substrate,
GCs,..x -corresponding to the maximum value of specific growth rate
and the constants, Ks and Kj are as follows (Shuler & Kargi, 2002).:

Cs,oe = (KsK©? (4)

3.1.1. Method of validation of Haldane model

The validity of Haldane model is verified by the analysis of the
pattern of the plot of u against the corresponding initial substrate
concentration. A bell-shaped plot is obtained if the Haldane model
is valid. After verifying the validity of Haldane model, the values of
kinetic constants, [imax and Ks have been determined by making the
double reciprocal plot using the values of inverse of i and Cs in the
uninhibited growth region, i. e, by using the specific growth rates
corresponding to initial substrate concentrations below Cs_, . The
value of K; has been determined using Eq. (4).

3.2. Growth kinetics of Lactobacillus casei (2651 1951 RPK) on two
carbon sources

Summative type model (Clark &Blanch, 1997) has been
attempted to correlate the specific growth rate of L. casei using
lactose and inulin simultaneously as the carbon sources. The
summative type kinetic equation for the growth of L. casei is as
follows:

W= pp + g (5)
Where,

uL = specific growth rate on lactose
W = specific growth rate on inulin

The validity of the summative model is verified by the com-
parison of the experimental and simulated values of specific
growth rates at different combinations of values of lactose and
inulin.

3.3. Encapsulation efficiency

Encapsulation efficiency (Ee) is calculated using the following
correlation (Rosas-Flores, Ramos-Ramirez, & Salazar-Montoya,
2013; Zou et al., 2012):

_ N

Ee N,

x 100 (6)

where, E. represents the encapsulation/entrapment efficiency, N¢is
the number of viable bacteria released in the homogenate of mi-
crocapsules/beads and N;j is the number of bacteria used for
encapsulation/entrapment.

3.4. Statistical modeling using RSM and optimization

In the present investigation the concentrations of sodium algi-
nate, surfactant (Tween 80) and post-cooling temperature were
taken within the range 1-3%, 0.5—2 M and 20—180 min. For
obtaining maximum encapsulation efficiency the concentrations of
sodium alginate, surfactant (Tween 80) and post-cooling temper-
ature are specified as 2%, 0.5% and 25 °C respectively. The experi-
mental design matrix was prepared with the help of Design-Expert
8.1.

Generally the dependency of independent variables on the
output is given by:

v = f(X1,X5,X3......) + € (7)

where, y is the output, A is the power of the output, “f" is the
function of input variables x4, X3, X3 and e is the error.

SStesi
RZ —1- residual (8)
SSmoclel SSresidual
Ssresidual/DFresidual (9)
(SSmodel+Ssresidual)/(DFmodel+DFresidual)

The polynomial quality was determined by the determination
coefficients, R?, Rﬁdj and predicted R?. The equations for calculating
R? and R3y; are given in Eqgs. (8) and (9).

In these equations, DF is the degree of freedom and SS is the sum
of squares. The experimental data were fitted using multiple
regression to the quadratic equation which is given by

Ragi® =1—

Y = ap+a; Xj+axXy+azXz+apXiXy+a3Xi Xz +axXoXs + €
(10)

where X3, X, and X3 are the independent variables, Y is the output
variable, ag and a; are intercept and linear constant coefficients, ajj is
regression 2-factor interaction between X; and X; and e is the re-
sidual part.
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3.5. Prediction of “Release time” of microorganisms from synbiotic
beads in simulated large intestinal fluid

The cells are released to the “gut” environment as soon as the
volume of biotic phase, i.e., the cells exceed the internal volume of
the microcapsules. Thus, it is proposed that “burst release” mech-
anism (Lakkis, 2007), characterized by pulse release of the encap-
sulated active, is followed. This is shown in Fig. 2. This is justified by
the fact that due to large dimensions with respect to the pores of
microcapsules, the trans-boundary diffusion of cells driven by
concentration gradient is not possible. Thus, the cells are released
through the rupture of the capsules as soon as the internal core
volume of the capsules is exceeded by the biotic cell volume. The
burst release of active molecules has already been reported for
hydrogel systems (Lakkis, 2007).

It is assumed that the microcapsules and beads suspended in
simulated large intestinal fluid of pH = 7 behave like batch type
bioreactors. As suggested by Doran, 1995, the specific growth rate,
W, in the batch culture remains almost constant and is equal to pmax.
Thus, for the present case, the specific growth rate of L. casei on
lactose and inulin may be represented as

= Kmax LtHmax 1 (11)

The decaying rate of the probiotic cells within the microcapsules
is negligible.

Mathematically, the number of cells encapsulated within a
particular bead can be predicted using the assumption of balanced
growth during exponential growth in a batch reactor. Under
balanced growth condition, the cell number specific growth rate
V= % %—T is equal to the specific growth rate, p = Cl—x dd%, calculated
on the basis of cell biomass (Clark & Blanch, 1997). Therefore, by
expressing the dependence of rate of increase of cell number on the
total cell number by Malthusian model (Clark & Blanch, 1997),

C(ITT= uN (12)
Att=0,

N=Ng (13)
No= N;Ee (14)

where, Nj is concentration of cells (number basis) in the stock
culture from which the beads or capsules were formed.
Integrating Eq. (12), and using Eqs. (11) and (14),

N = N;EeeHmx +Hmax )t (15)

When N > N, the capsules rupture, releasing entrapped L. casei.
N, is the total number of cells whose volume is equal to the in-

ternal core volume of the microcapsules. Therefore,
mathematically,
Vca 1
psule
o= (16)
Vcell

Where, Vcapsule: Volume of the inner core, i.e., the aqueous part of
the capsule.

Veell: Volume of an individual L. casei cell.

Therefore,

N = NjEee (MmmL +Mmax,) & (17)

Where, t; is the release or bursting time.

1n<,\';fge>
T /A (18)

=
Mmax Lt Hmax 1

The value of t; has been determined using Eq. (18). The detailed
calculation of the release time of probiotic cells from the micro-
capsules, formulated under the present study, has been provided in
the “Supplementary material”.

3.6. Mathematical model for the evaluation of in-vitro
concentration profiles of microcapsules (internal) and released
probiotics in the simulated GI system

The mathematical model for the GI system has been developed
using the concepts of combination of reactors, as used by pio-
neering researchers (Cook et al, 2012; Kailasapathy, 2002;
Macfarlane et al, 1998). Although from the literature it is
apparent that the activity of the stomach during the digestion of
slurries containing polymeric solids is periodic in nature, the
stomach, the small intestine and the large intestine have been
considered as continuous stirred stank bio-reactors. The path fol-
lowed by the microcapsule within the human gastro-intestinal
tract may be schematically represented in Fig. 3.

The mathematical model has been developed using the
following assumptions:

—_

The probiotic cells do not grow within the microcapsules during
their passage through stomach (pH = 2.0) and small intestine
(pH = 8). This has been justified by the experimental verification
using simulated gastric and small-intestinal juices.

2 The change of structure of microcapsules in stomach and hence
the “mechanical destructive force for size reduction” is neglec-
ted. This may be justified by the fact that only the size of food
ingredients >1 mm is reduced in the stomach (Kong and Singh,
2008; Lentle and Janssen, 2011).

3 Enzymatic solubilization of microcapsules and subsequent ab-
sorption in the small intestine has been neglected. This has been
verified by experimental study.

4 The probiotic cells are released from the prebiotic-probiotic

microcapsules in the large intestinal fluid following bursting

mechanism described in section 3.3.

o0
) 0?
o - o 0 -}
0% ) mmmmp § L,° o
OOO o0 )

(]
(+]
“Burst-off”

Fig. 2. Bursting off microcapsules.



248 D. Banerjee et al. / LWT - Food Science and Technology 83 (2017) 243—253

5 The stomach, small intestine and large intestine represented by
CSTBRs are under dynamic conditions and never attain steady
state.

6 Although the GI fluids are non-Newtonian in nature (Kong and
Singh, 2008), Newtonian behavior has been assumed for the
simplification of the model.

7 The exit of probiotic microorganisms from the large intestine is
negligible. This may be justified by the fact that the probiotic
bacteria in the large intestine adhere to the mucus for further
action (Yoo, Seong, Chang, & Park, 1996).

The release of cells from the microcapsulein the large intestine
may be represented by the following equation:

Mc—nX (19)

where, Mc and X stand for microcapsule and probiotic cells
respectively. At any time greater than “release time” of cell from
microcapsules, i.e., t; there will be two types of microcapsules,
namely, ruptured (rup) and un-burst (unb) ones. Therefore, for t > t;

Cmcy,, + Cugy (20)

unb

CMCLIT =

The mass balance equations for the concentration of micro-
capsules and probiotic cells in the reactors representing “stomach”,
“small intestine” and “large intestine” are provided in Table 1. All
derivations have been provided in the Supplementary material. The
concentrations Cpc,,, Cuc, and Cyc,, " of microcapsules in the
bioreactors representing stomach, small intestine and large intes-
tine have been determined experimentally by filtering the samples
withdrawn from reactors and subsequent determination of number
of microcapsules per unit volume of sample by microscopic
method. The concentrations Cy,,, Cx,, and Cx,, of released probiotic
cells in the same bioreactors have been determined by analyzing
the samples withdrawn from reactors using the spectrophotometer
at 600 nm. The value of dilution rates, Dst, Ds; and Dy; have been
calculated by dividing the volume of respective bioreactor, i.e.,
stomach small intestine and large intestine by the flow rate of the
PBS stream used in the in-vitro GI experiment. “n” is the number of
time release cycle of probiotics from the synbiotic microcapsules.
Since the “burst release” mechanism is followed also in the in-vitro
continuous GI system, cells are released from each microcapsules
after its residence time of t; (release time) in the large intestine. The
value of the release time has been experimentally determined in
Section 2.6.5 and has been provided in Table 2. In Egs. (21)—(24),
(n+1) and (n) represent the conditions at nth and (n+1)® time
grids when the time domain is divided into equal intervals of t.. In
Eq. (24), p represents the number of cells available from 1 g of
microcapsules. The detailed calculation for the evaluation of “p” has
been provided in the “Supplementary material”. The initial condi-
tions are as follows:

pH=2 pH=8 pH=7
— Small intestine Large intestine

PBS

= ooo 000—) °oC> 00 00% %9 -
oo°o°° oo_°o° 00000

Fig. 3. Schematic representation of simulated human gastro-intestinal tract. O:
Microcapsule, The dots represents probiotic cells released from microcapsules,
@: Magnetic stirrer.

Att=0

Cmc, = 0.1g/mL
CMey, =0

Cumcy, =

CMCrule =
CMCyy, =0
Cmce, =0

The values of the constants have been provided in Table 3. Egs.
(21)—(31) of Table 1 have been solved using ode45 of MATLAB 7.

4. Results and discussion
4.1. Growth kinetics of Lactobacillus casei (2651 1951 RPK)

The Monod and Haldane models have been proved to represent
the growth kinetics of L. casei grown on lactose and inulin as sole
carbohydrate sources respectively. The kinetic constants have been
provided in Table 4. The detailed discussion has been provided in
the Supplementary material.

4.1.1. Growth kinetics of L. casei on combinations of lactose and
inulin

In Fig. 4, the experimental values of specific growth rate of
L. casei have been plotted against the concentration of inulin using
the concentration of lactose as a parameter. The values of the
specific growth rate, simulated using the summative model, have
been superimposed on the same plot. The simulated values are in
good agreement with the experimental ones and hence the sum-
mative model is validated for the prediction of specific growth rate
of L. casei simultaneously on lactose and inulin.

4.2. Morphology of beads and microspheres

The mean diameter of the microcapsules was 24 pm.The
morphology of beads has been shown in Table 5.

4.3. Statistical modeling using RSM and optimization

The final equation correlating E. with the independent variables
is as follows:

Ee = 86.80 + 1.40+A — 3.30+B + 2.90xC — 2.25xA + B
+ 3.00+A « C+ 3.50«B « C (32)

In this equation, the terms containing B, C, AC and BC are sig-
nificant. In Fig. 5, 3-D surface plots illustrate the variation of E. with
the interaction factors (sodium alginate concentration, surfactant
concentration and temperature). To analyze the effects and in-
teractions, analysis of variance (ANOVA) was done which is shown
in Table 6. In ANOVA, any factor with p-value less than 0.05 has
significant contribution to response with 95% confidence level. The
model F-value of 4.627545 and p-value of 0.0099 implies that the
model is significant. From the above section, we summarize that
Encapsulation efficiency (E.) is a strong function of alginate con-
centration, surfactant concentration and post-cooling temperature,
within the given ranges of the respective variables. However, E.
decreases with the increase in surfactant concentration. This may
be due to the fact that increased surfactant molecules may lead to
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Table 1

Balance equations for the concentration of microcapsules and probiotic cells in human gut.

Reactor Microcapsules Probiotic cells
Stomach (st)
dComc dCx,,
<dt Jst —Ds:Cmc), (21) d—t‘: —Ds¢Cx, (22)
Small Intestine (SI)
dCmc) dCx
6= Dsi(Cucy ~Cnac,) (23) de~ Dsi(G=G) @4
Large Intestine (LI)
Fort<t; Fort<t;
dCyic (25) dCy, (27)
T _py, (CMC>y ~Cuic, ) ﬁ :tDquﬂ
CMCupy, = (26) or t>tr
o Cx,, (0 +1) = CXy(n) + p + Cyc,,, (M) (29)
For t> t;
dCpc,
— 3t Du(Cuc, ~Cwcy, ) (28)

CMCopy, (M + 1) = Cuicy, (N + 1) = Cuiey, () (30)

Cymc,

vy (M) = Cncy, (0) = Cuigy, ()

(31)

Table 2
“Release time” of L. casei from synbiotic beads and microcapsules
in various simulated media.

Not released
Not released
Not released
50 min

Saliva juice

Gastric juice

Small intestinal juice
Large Intestinal juice

excessive perturbation, disrupting the formation. Higher temper-
ature and alginate may lead to better bonding within the of the
alginate core.

4.4. Experimental “Release time” of microorganisms from synbiotic
microcapsules suspended in simulated GI fluids—verification of
burst release mechanism

It is experimentally observed that while the simulated large
intestinal fluid medium becomes turbid after a certain time interval
the other media remain clear for entire 24 h. The time at which the
turbidity suddenly appears in the simulated large intestinal me-
dium corresponds to the release time of microcapsules. In Table 2,
the values of release time of probiotic cells in various simulated
media have been provided. The reason behind the incapability of
release of probiotics in saliva, gastric and small intestinal juice
environment is due to unfavorable pH of these media with respect
to the growth of L. casei in the internal core. The resistance to
gastric and small intestinal juice is also established. The resistance

Table 3

Values of different constants.
Ds: (min~!)  Dg (min~!) Dy (min~') P No./g of microcapsules t, (min)
0.012 0.00372 0.000744 150.41E9 50

D: Diffusion rate, St: Stomach, SI: Small intestine, LI: Large intestine, P: Number of
probiotic cells, t;: Release time.

of the alginate against thelow and high pH of stomach and small
intestine environments respectively is also established
(Sathyabama et al., 2014; Cook et al., 2012&Chourasia and Jain,
2003). The simulated (48.89 min) and experimental (50 min)
values of release time of proibiotic cells in the large intestinal fluid
are in good and hence the “burst release” mechanism is validated.

4.5. In-vitro concentration profiles of probiotic/prebiotic
microcapsules (internal) and released probiotics in the simulated GI
system

In Fig. 6 (a) and (b) the simulated time histories of un-burst
(unb) microcapsules and the probiotic cells using Eqs. (21)—(24) in
the stomach and small intestine respectively have been depicted.
The in-vitro experimental values of concentration of probiotic cells
have been superimposed on the same figure. The concentration of
microcapsules after total pumping time of PBS of 2000 min have
been measured and has been plotted on the same figure. The
agreement between the experimental and simulated values of
microcapsule concentration at 2000 min and that of patterns of
time histories of probiotic cells in the reactors validates the
mathematical model. From the close analysis of the simulated time
histories, it is clear that the concentrations of microcapsules fall
exponentially with time in the stomach. The pattern of time his-
tories of the microcapsules in the gastric (stomach) environment
can be justified by the fact that once fed into the stomach the mi-
crocapsules are swept away from this reactor at a constant rate. No
probiotics are detected in the stomach since there is no rupture of

Table 4
Values of different kinetic parameters.

Kinetic Parameters

Hmax (™) Ky(g/L) Ki(g/L) R?
Lactose 0.7836 244 - 1
Inulin 0.05 0.2 0.52 1
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Fig. 4. Growth Kinetics of L. casei on combinations of lactose and inulin.

microcapsules in this acidic environment. From the analysis of Fig. 6
(b) it appears that the time history of the microcapsules passes
through a maximum in the small intestine. This is justified by the
fact that the microcapsules are both fed and removed from the
small intestine and there is initially an apparent increase in mi-
crocapsules due to the disparity between the hydraulic residence
time in the stomach (80.5min) and small intestine (268.8min).
Declining pattern is observed as soon as the concentration of mi-
crocapsules in the stomach becomes zero and hence the outlet PBS
stream from the stomach is free from microcapsules. Similar to the
gastric environment, the immobilized probiotics are not released in
the small intestine due to unfavorable pH. Fig. 6 (c) depicts the
simulated time-concentration plots of unburst microcapsules as
well as the total number of microcapsules that would have been
present if there were no bursting of cells using Eqs. (25) and (31).
During this simulation, the experimental value of t; i. e the release
time of probiotics in the large intestinal juice, provided in Table 2
has been used. The in vitro experimental value of the concentra-
tion of unburst microcapsule at 2000 min of pumping time of PBS
solution has also been graphed in the same figure. From the pat-
terns of the simulated plots it is clearly evident that both the
concentrations of whole microcapsules and the summation of
concentrations of whole and ruptured microcapsules pass through
maxima. The maximum in the time concentration plot of whole
microcapsules is obtained much earlier than that on the time-
concentration plot of total microcapsules (whole + ruptured). The
pattern of variation of concentration of whole microcapsules with
time may be explained by the fact that while the concentration
increases due to the feeding of microcapsules through the PBS
stream from the small intestine, it diminishes as a result of rupture

Table 5
Structure of microcapsules.

of microcapsules after each 50 min of residence time and due to the
outlet. On the other hand the pattern of time history of total
microcapsule represents a hypothetical condition if there were no
burst releases of probiotics and hence is guided only by the hy-
drodynamics. The simulated value of concentration of whole
microcapsule at 2000 min is in agreement with its experimental
counterpart. Fig. 6 (d) depicts the simulated time concentration
profile for the probiotic cells in the reactor representing large in-
testine. The experimental values of concentration of cells have also
been superimposed on the Fig. 6 (d). Expectedly, the time history of
the probiotic cell shows an increasing trend. The agreement be-
tween the experimental and simulated values validates the math-
ematical model for the prediction of behavior of synbiotic
microcapsules in the in vitro simulated GI system. From the analysis
of the results depicted in Fig. 6(a)—(d) it is clear that the synbiotic
microcapsules formulated under the present study are resistant to
acidic gastric juice and small intestinal juice containing pancreatin
and bile salt and are capable of releasing probiotic cells in the large
intestine in a sustainable way. The retention of released probiotics
in the large intestine, as assumed in the model, is validated by the
agreement of simulated and experimental results. This supports the
mucosal adhesion of the probiotic cells for their further prolifera-
tion in the gut. From the in-vitro experiment and from the pre-
diction of the mathematical model, it is clear that after the intake of
a dose of synbiotic microcapsules, there will be sustained release of
probiotic cells in the large intestine up to 2000 min and later. Since
the prebiotic biomolecules are also released and other carbohy-
drates are available in the real large intestinal environment, their
growth after release will also be supported. This type of profile is
very interesting from the perspective of the synbiotic microcap-
sules for GI application which demands controlled release and
sustainable proliferation of probiotics. Although pioneering in-vitro
studies on the release of probiotics from probiotic microcapsules
have been reported (Mandal, Puniya, & Singh, 2006; Ding and Shah,
2009; Chandramouli, Kailasapathy, Peiris, & Jones, 2004; Graff,
Hussain, Chaumeil, & Charrueaul, 2008; Cook, Tzortzis,
Charalampopoulos, & Khutoryanskiy, 2011; Albertini et al., 2010;
Sabikhi, Babu, Thompkinson, & Kapila, 2010; Muthukumarasamy,
Allan-Wojtas and Holley et al., 2006; Marteau, Minekus, Have-
naar, & Huisin't Veld, 1997) the study on release of probiotics from
synbiotic microcapsules in in-vitro GI system is being reported for
the first time. In absence of literature data on such experiments on
synbiotic microcapsules, the comparison with the findings of other
investigators is not possible. It is understandable that as different
types of food substances are simultaneously digested by real hu-
man GI tract, complex mathematical models incorporating the
interaction of microcapsules with other food molecules may be
necessary. Although the initial evaluation of the performance of the
synbiotic microcapsules has been possible through the in-vitro
experiments and the mathematical model, in a future study in-vivo
model will be investigated.

Microencapsulation Process

Bead/microcapsules Diameter

Physical nature of the product

Emulsification through internal gelation

23.9333 um (+0.11547 pm)
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Fig. 5. (a)—(f): 3-D surface and contour plots depicting the variation of encapsulaton efficiency with A: Alginate concentration, B: Surfactant concentration and C: Post cooling
temperature.

Table 6

ANOVA for response surface 2FI (2 factor interaction) model.
Source Sum of squars df Mean square F value p-value Prob > F
Model 423.1 6 70.51667 4.627545 0.0099 (significant)
A-Alginate concentration 19.6 1 19.6 1.286219 0.2772
B-Surfactant concentration 108.9 1 108.9 7.146391 0.0191
C-Temperature 84.1 1 84.1 5.51893 0.0353
AB 40.5 1 40.5 2.657749 0.1270
AC 72 1 72 4.724886 0.0488
BC 98 1 98 6.431095 0.0248
Residual 198.1 13 15.23846
Lack of Fit 198.1 8 24.7625
Pure Error 0.0 5 0.0
Cor total 621.2 19
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Fig. 6. Concentration profiles for simulated human gut system. Cycst: Concentration of microcapsules in “stomach”; Cycs;: Concentration of microcapsules in “small intestine”;
Cmcur: Concentration of microcapsules in “large intestine”; Cxpr: Concentration of probiotic cells.

5. Conclusions

The present study focused on the co-encapsulation of probiotic
L. casei and the prebiotic inulin through internal gelation technique
under optimum conditions and subsequently on the performance
of the synbiotic microcapsules in in-vitro GI environment in batch
and continuous mode. Resistance of the synergistic microcapsule to
simulated acidic gastric juice and small intestinal juice containing
pancreatin and bile salt was observed. The “burst release”, pro-
posed under the study for the first time, could predict the release
time probiotic cells from the synbiotic microcapsules in the simu-
lated large intestinal juice. The deterministic mathematical model
developed under the present study could predict the performance
of the in-vivo GI system containing three continuous stirred tank
bioreactors in series to represent stomach, small intestine and large
intestine. This study will be useful for commercialization of syn-
biotic microcapsules containing this pair of probiotic and prebiotic
and other similar one. However, further studies are to be conducted
using human and animal models.
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ABSTRACT

Objective: The objective of the present article is to identify the most suitable Indian millet inulin for the growth of probiotic Lactobacillus casei and
to evaluate the effects of the fortification vectors (probiotics and probiotic-prebiotic combination in immobilized conditions) and immobilization
methods on the sustainability of L. casei in a fortified Indian sweet (milk cake) preserved under different conditions.

Methods: Inulin was extracted from pearl], finger and great millets. The concentrations of L. casei, grown on three millet inulins, were compared in
24 h batch culture. The L. casei and probiotic-prebiotic combinations namely L. casei-commercial inulin and L. casei-pearl millet inulin were
immobilized using entrapment, external and internal microencapsulation methods. The Indian milk cake samples were fortified with the
immobilized probiotic cells, co-immobilized probiotic-prebiotic combinations. The fortified samples were preserved at different conditions
(temperature: 4 °C and-20 °C; Time: 1-4 w). The sustainability of L. casei in the preserved samples was determined using spread plate method and
the cell concentrations were compared among all fortified samples.

Results: Pearl millet inulin is determined to be the most suitable millet inulin for the growth of L. casei. The synergistic combination of L. casei-pearl
millet inulin, co-immobilized with internal gelation technique is the best fortification vector for the viability of L. casei in preserved food samples.

Conclusion: The L. casei, co-immobilized with pearl millet inulin through internal gelation technique, can be utilized as an effective fortification

vector for the sustainability of probiotic cells in preserved Indian milk cakes and similar food samples.
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INTRODUCTION

In recent past, concepts of functional foods have moved
progressively towards the development of dietary supplementation
which plays an important role in maintaining a healthy gut microbial
composition and activities. The consumption of probiotic products is
constantly gaining popularity among the population throughout the
globe. Nowadays, great attention has been given in extending the
category of foods carrying probiotics in order to broaden the groups
of people that usually have no access to probiotic food [1]. Probiotic
products for human diet include nutraceuticals or functional foods,
food ingredients and supplements that have an important effect on
the intestinal microflora [2, 3]. A wide range of foods including
fermented and non-fermented dairy products have been evaluated as
possible probiotics carrier. Milk derivatives are considered an ideal
vehicle for carrying living probiotic cells because of its high fat content
and buffering properties that help the bacteria to overcome the stress
factors in the gastrointestinal conditions. With the view of improving
the survival of probiotics [4], the effectiveness of prebiotics are well
approved. The prebiotics are complex carbohydrates which are
available in non-digestible food ingredients and support the growth of
probiotics [5]. The most common prebiotics, namely inulin is naturally
found in many foods such as wheat, pearl millet (bajra), onions, garlic,
leeks, asparagus and chicory roots [6].

Although inulin extracted from chicory roots is available
commercially, extraction of inulin from other natural sources should
also be conducted. Only a few studies have been conducted on the
extraction of inulin from oat, wheat, daliah and garlic [7, 15]. The
effect of inulin extracted from other sources on the growth and
viability of probiotic cells should also be emphasised. The Indian
millets, namely great millet (Sorghum bicolor; Indian name: jowar),
pearl millet (Pennisetum glaucum; Indian name: bajra) and finger

millet (Eleusine coracana; Indian name: ragi) are reported to be rich
in inulin. However, no work is available in the literature on
extraction and characterization of millet-based inulin.

The intended health benefits of probiotics can only be obtained
when the food contains the required minimum viable
microorganism count at the time of consumption. US FDA has
recommended that minimum probiotic count in the probiotic food
should be at the least 106CFU ml-1[8-10]. It is, therefore, important to
ensure that probiotics must survive and retain their functional
features during the entire food processing operations as well as over
the product shelf life in order to maintain consumer confidence in
probiotic products. In this regard, a number of efforts have been
made to improve the robustness and the viability of the probiotics in
the variety of functional foods. Many factors were found to influence
the viability of probiotic cells in food products during processing and
storage. In this context, microencapsulation is found to be the most
potential approach for enhancing the survival of the probiotic
microorganisms in the food products from processing to storage
until consumption [11-14]. The present article is focused on the
systematic studies on the following topics: a) extraction of inulin
from Indian millets namely great millet (jowar), pearl millet (bajra)
and finger millet (ragi) along with the assessment of their
effectiveness as the substrate for the probiotic cells, namely, L. casei;
selection of the most effective millet inulin thereof, b) assessment of
the effects of co-immobilization of L. casei and inulin with respect to
the enhancement of viability of the former in a traditional Indian
food product called milk cake (an Indian cottage cheese or chhena
based dairy product); comparison of the effectiveness of co-
immobilized combination of probiotic L. casei and commercial inulin
with that of L. casei and millet inulin, ¢) comparison of the
performance of co-immobilized combination of L. casei and inulin
prepared using different immobilization techniques. Although it is
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understandable that the sustainability of probiotic cells is expected
to increase by co-immobilization of prebiotics along with probiotics,
no such research studies is available in the literature. To the best of
our knowledge, this is the first study addressing the above topics
and the research findings will open up the possibility of utilisation of
prebiotic inulin derived from abundant sources of Indian millet and
development of food products fortified with co-immobilized
probiotics and millet based prebiotics.

MATERIALS AND METHODS
Microorganisms

Lactobacillus casei (2651 1951 RPK) culture purchased from NCIM,
Pune were used.

Materials

Food grade inulin, peptone, yeast extract, sodium acetate,
dipotassium hydrogen phosphate, tri-ammonium citrate, magnesium
sulphate, manganese sulphate, sodium chloride, disodium hydrogen
phosphate, potassium dihydrogen phosphate and sodium chloride
purchased from Himedia, India, were used. Sodium alginate, acetic
acid, tween80, potassium dihydrogen phosphate, disodium
hydrogen phosphate, calcium chloride, glycerol, sodium dodecyl
sulphate (SDS), beef extract, calcium carbonate, lactose and ethanol
purchased from Merck, India, were used.

Milk (Amul India pvt. Ltd.), seeds of pearl millet, great millet and
finger millet (Andheri, Mumbai) and rice-bran oil purchased from
the local market were used.

Growth medium and other reagents
MRS medium
Composition

Beef extract: 10 g/l; yeast extract: 5 g/I; peptone: 10 g/l; sodium
acetate: 5 g/l; di-potassium hydrogen phosphate: 2 g/l; tri-
ammonium citrate: 2 g/l; magnesium sulphate: 0.05 g/l; manganese
sulphate: 0.05 g/l and lactose: 20 g/lI; pH 7.

Phosphate buffer (0.1M)
Composition

Potassium di-hydrogen phosphate: 1.361 g/I; di-sodium hydrogen
phosphate: 35 g/1 (to adjust the pH at 7).

Peptone water

Composition

Peptone digest: 10 g/1; sodium chloride: 5 g/1.
Equipments

Magpnetic stirrer (Remi, India), constant temperature bath (S. C Dey
and co., India), digital weighing machine (Sartorius), autoclave
(Gurpreet engineering works), hot air oven (G. B. Enterprises,
Kolkata, India), B. O. D incubator (G. B. Enterprises, Kolkata, India),
laminar airflow (G. B. Enterprises, Kolkata, India), mixer-grinder
(Crompton Greaves, Kolkata, India) and high speed homogenizer
(Plasto Crafts (Model: Superspin R-V/Fu), India), refrigerator
(Whirlpool; Corona Deluxe, India), freezer-20 °C (Blue Star,
India)were used.

Analytical instrument
Optical microscope (Optika, Italy) was used.
Extraction of inulin from Indian millets

The prebiotic native sources, namely, pearl (bajra), finger (ragi) and
great (jowar) millets were washed properly with distilled water. The
same protocol followed for extraction of inulin from wheat, oat,
daliah etc. has been used [15].

Sterilization procedure

MMRS medium, 2 % sodium alginate solution and home-made sweet
were autoclaved at 121 °C for 15 min.
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Pre-adaptation of Lactobacillus casei to different carbohydrate
sources

The probiotic bacteria, namely, Lactobacillus casei was pre-adapted
to different carbohydrate sources, namely, lactose, commercial
inulin and three millet inulins. For lactose, sterile modified de-Man
Rogosa Sharpe (MMRS) medium was prepared by using 20 g/l
lactose as the carbohydrate source. Four other stock cultures were
also prepared using MMRS media in which the food grade
commercial inulin and three millet inulins at a concentration of
0.3225 g/1 were separately used as the carbohydrate source. Each
medium was inoculated with 1 % (v/v) of L. casei and was incubated
for 24h at 37 °C. The concentration of 0.3225 g/l was chosen for
each inulin sample because the maximum growth of L. casei on
commercial inulin had been observed by the present researchers at
this level [15]. Since the purity of each inulin extract is dependent on
the natural source, different quantity of inulin extracts was required
to prepare the inulin solution of equal strength.

Determination of the effectiveness of millet inulins for the
growth of L. casei

Batch studies were conducted in three 250 ml conical flasks using
100 ml modified MRS medium containing lactose and different millet
inulins. The concentration of millet inulin and lactose in the MMRS
medium in each conical flask were 0.3225 g/l and 20 g/l
respectively. The pearl millet inulin, finger millet inulin and great
millet inulin were respectively used in the first, second and third
flasks. Each flask was seeded with 10 % (v/v) stock culture of L.
casel. The flasks were kept in an incubator for 24 h at 37 °C. The cell
concentration in each flask was measured using spectrophotometric
method determining the optical density of the growth medium at
600 nm. The cell concentrations of growth medium in three flasks at
24 h were compared to identify the most effective millet inulin for
the growth of L. casei.

Characteristics of millet extracts

FTIR analysis of the extracts of three millet sample has been carried
out to determine the presence of inulin qualitatively. The quantity of
inulin in each extract has been determined spectrophotometrically
following the protocols described by Samanta Koruri et al. [16].

Co-entrapment and entrapment of Lactobacillus casei with and
without inulin

The protocols described by Chan et al, 2011 and Yoo et al, 1996
have been principally followed [17, 18] for the entrapment and co-
entrapment. L. casei cultures, pre-adapted to lactose and commercial
inulin were respectively spiked up to 20 g/l lactose and 0.3225 g/1
commercial inulin and were individually mixed with 2% sterile
sodium alginate solution in the volumetric ratio of 1:4. Each mixture
was then added dropwise into a 1% CaCl: solution at room
temperature and stirred continuously. The beads containing
entrapped L. casei and co-entrapped L. casei and inulin were allowed
to harden and were washed with saline water and stored at 4 °C.

Co-encapsulation and encapsulation of L. casei with and without
inulin through external gelation

For the co-encapsulation and encapsulation of L. casei with and
without inulin, via external gelation method, the protocol suggested
by Song et al, 2013 have been principally followed [19]. L. casei
cultures, pre-adapted to lactose and commercial inulin were spiked
with the respective carbohydrates up to the concentration levels as
used for pre-adaptation, i.e.,, 20 g/l and 0.3225g/1 for lactose and
inulin respectively. Each culture was mixed with sodium alginate
solution in the volumetric ratio of 1:4. 1 ml of the mixture was
stirred with 5 ml of vegetable oil. Tween 80 (emulsifier) and SDS
were added to the resulting solution to maintain their
concentrations at 0.2 % and 0.25 % respectively. This mixture was
then stirred at 200 rpm for 30 min. CaCl; was added quickly but
gently down the side of a beaker, in which the mixture was taken.
The formed microbeads were kept undisturbed for 30 min. They
were then filtered with muslin cloth. Finally, the microspheres were
washed with 0.9% saline water containing 0.05% glycerol. The
washed microbeads were stored at 4 °C.
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Co-encapsulation and encapsulation of L. casei with and without
inulin through internal gelation

The protocol suggested by Song et al, 2013 and Sultana et al, 2000 was
principally followed with some modifications for the encapsulation of
cells through internal gelation method [19, 20]. L. casei cultures pre-
adapted to lactose, commercial inulin and the millet inulin, most effective
for the growth of the probiotic microorganism, were at first spiked with
the respective carbohydrate sources as described in the case of
entrapment and external gelation i. e up to 20 g/l and 0.3225 g/I for
lactose and inulin samples respectively. Each culture was then
individually mixed with 2 % sodium alginate solution in the volumetric
ratio of 1:4. CaCO3 powder and Tween-80 were added to each mixture
up to a concentration level of 0.8 g/l and 0.5 % (v/v). This mixture was
then combined with vegetable oil in the volumetric ratio of 1:5 and
stirred at 300 rpm for 30 min. The temperature of the mixture was
maintained at 25 °C by circulating water from a constant temperature
bath and acetic acid was next added dropwise to the solution to release
the Ca*from the insoluble CaCO3 powder. Microcapsules were formed
and were filtered with a muslin cloth and washed with 1% (v/v)
aqueous tween 80 solution and distilled water. The microcapsules were
then stored at 4 °C.

Microscopic characterization of beads and microcapsules

The size analysis of the beads and microcapsules were done
microscopically.

Preparation of Indian cottage cheese for milk cakes

Indian cottage cheese (chhena) was prepared from 1L milk. Firstly the
milk was allowed to boil, followed by addition of lemon juice into it
stirring continuously. When the milk curdled well, cottage cheese was
strained using a muslin cloth and washed with water. After removing the
excess water, 200 g chhena was obtained. The chhena was added to a
pan and was mixed well with sugar and cardamom powder on a low
flame until a mixture of thick consistency was obtained. The mixture was
then cooled and kneaded properly and was autoclaved at 120 °C.

Preparation of milk cakes with and without fortification with
probiotic or probiotic--prebiotic microcapsules

The sterile 200 g chhena, as described above, was divided into eight
parts—first part was mixed with probiotic Ca-alginate beads spiked by
lactose; second part was mixed with Ca-alginate beads spiked by
commerecial inulin; third part was mixed with probiotic microcapsules
(external gelation) spiked by lactose; fourth part was mixed with
probiotic microcapsules (external gelation) spiked by commercial
inulin; fifth part was mixed with probiotic microcapsules (internal
gelation) spiked by lactose; sixth part was mixed with probiotic
microcapsules (internal gelation) spiked by commercial inulin;
seventh part was mixed with probiotic microcapsules spiked by millet
inulin, most effective for the growth of the probiotic microorganism
and the eighth part was kept unfortified.

Fig. 1: Indian sweet (milk cakes) samples (a) wrapped by
aluminium foil (b) original sample
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From each part, one milk cake weighing 25 g was prepared using
sterile molds. All operations for the preparation of milk cake were
conducted in a UV-sterilized hood. During the fortification, 10 %
(w/w) beads or microcapsules were used. The milk cakes are shown
in fig. 1. All milk cakes were wrapped with sterile aluminium foils
(fig. 1) before preservation.

Viability assay of the probiotic cells in food products

The fortified Indian milk cakes were stored at 4 °C and-20 °C over a
period of 4 w. Unfortified samples were used as controls. Viability
assay was performed every one-week interval as per the following
protocol: in a UV-sterilized hood, 5 ml of phosphate buffer was first
mixed with 1 g of food samples, and then 1 ml from this mixture was
serially diluted with peptone water by 10 fold for six times. 0.1 ml of
the diluted mixture was plated on MRS agar using spread plate
technique. The agar plates were incubated under anaerobic
condition for 24 h at 37 °C and the colonies on each plate were
counted. According to this technique the concentration of cells per
millilitre of the original phosphate buffer solution of the food
sample, 107 times the count obtained from the spread plate method.
Since 1g of food sample was originally present in 5 ml phosphate
buffer, the concentration of cells in the food sample is 5%107 times
that obtained from spread plate method.

All experiments were carried out thrice, and the averages of three
replicate experimental results have been reported.

RESULTS AND DISCUSSION
Characteristics of millet extracts

The presence of functional groups of inulin in the three millet
samples was clearly indicated through the FTIR results (not shown).
The % (w/w) of inulin in great, pearl and finger are provided in
table 1. From the analysis of the table 1, it is clear that the inulin
content of pearl millet extract is the highest among all millet
extracts. The results could not be compared with the literature data
due to unavailability.

Table 1: Content of inulin in millet extracts*

Millet type Inulin in extract % (w/w)
Great 30.147+0.127000

Pearl 47.27+0.155885

Finger 32.0833+0.076376

*Values are mean (n=3)+standard deviation (Standard deviation for
sample population of three replicate observations corresponding to
each mean result was calculated)

Effect of naturally extracted inulin on the growth of
Lactobacillus casei

The concentrations of L. casei obtained using the three different
millet inulins, following the procedure described in the experimental
section, were compared in fig. 2. From the analysis of the fig, it is
clear that the pearl millet inulin is the most effective among all millet
inulins with respect to the growth of L. casei. The effectiveness of
pearl millet inulin was followed by that of great millet inulin and
finger millet inulin. Better assimilation of the pearl millet inulin by L.
casei in comparison to inulins derived from other millet sources was
the underlying fact. This might be due to the difference in the degree
of polymerization of inulin derived from different millet sources.
This could be elucidated by the determination of the degree of
polymerization defined by a number of monomer units (fructose)
per molecule of prebiotic polymer, i.e., inulin derived from great,
pearl and finger millets.

Characterization of entrapped beads and microcapsules

Table 2 shows the results of microscopic size analysis of beads and
microcapsules obtained by entrapment and external/internal micro-
emulsification techniques. It is clear that the size of beads is much
larger than those of microcapsules. On the other hand, the
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microcapsules obtained through internal gelation method are much
smaller than those obtained through external gelation. The results
are in agreement with those reported by previous researchers
[17, 20, 21].

10

Cell comcentration (g/L)

O R MW R W@ W@ W
L

Great Millet Pearl Millet Finger Millet

Milletinulins

Fig. 2: Bacterial growth for three different millet inulins
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Table 2: Microscopic size analysis of beads and microcapsules*

Microencapsulation processes Bead/microcapsule diameter

Entrapment method
Emulsification/external gelation
Emulsification/internal gelation

2.98333 mm (£0.028868 mm)
298.333 pum (+2.886751 um)
23.9333 pum (+0.11547 ym)

* Values are mean (n=3)#*standard deviation

Viability of the probiotic cells in fortified food products after
preservation

In fig. 4a and 4b the photographs of the spread plates obtained for
unfortified food samples and that fortified with encapsulated L. casei
are provided. It was clearly indicated that while the control was fully
contaminated, no contamination was present in the case of the
fortified one. This establishes the anti-microbial activity of the
immobilized probiotic culture against contaminating micro-
organisms and the elongation of shelf life. Due to unavailability of
literature data, the results could not be compared.

100 70
20
o 60
< =0 <
@ 70 @50
= :
: S 40
E E
.E 40 .E 30
£ 30 e
& 2 &
10 10
0 0
1st week 2nd waek
(a) (b)
50 0
-
'“% 50 o 2
z 2
T a0 T zo
: :
S S s
=|= 20 = :
E E
- f 10
£ 20 -
2, d s
a 0
{c) Ird week (d) 4thweek

Fig. 3: Comparison of effects of immobilization methods and fortification vectors (only probiotic or Probiotic-commercial inulin) on
viability of probiotics in fortified milk cakes preserved at 4 °C and-20 °C, ll : External gelation (Probiotic)(4°C); ll : External gelation

(Probiotic)(-20°C); I : External gelation (Probiotic-commercial inulin)(4°C); . : External gelation (Probiotic-commercial inulin) (-
20°C); : Ca-entrapped (Probiotic)(4°C); M : Ca-entrapped (Probiotic)(-20°C); M : Ca-entrapped (Probiotic-commercial inulin)(4°C);

M. Ca-entrapped (Probiotic-commercial inulin)(-20°C);

: Internal gelation (Probiotic)(4°C);

: Internal gelation (Probiotic)(-20°C);

: Internal gelation (Probiotic-commercial inulin) (4°C); I : internal gelation (Probiotic-commercial inulin)(-20°C).

Fig. 4a: Plate for control sample of milkcake (without
probiotics) on 4% week after preservation at 4 °C

Fig. 4b: Plate for milk cake sample fortified with encapsulated
probiotics on 4t week after preservation at 4 °C
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In table 3, the concentrations of probiotic cells in the fortified Indian milk cakes have been provided.

Table 3: Results of viability assay (cell concentrations) for fortified milk cakes*

Weeks Microcapsules (External gelation) Beads (Entrapment) Microcapsules (Internal gelation)
(x107)/ml (x107) /ml (x107) /ml
PRO PRO+CI PRO PRO+CI PRO PRO+CI PRO+PMI
A B A B A B A B A B A B A B
1 22.0% 69.6% 51.6+ 72+ 13.6+ 25.6+ 24.6+ 34.6+ 40+ 71.6% 60+ 88.6+ 84.6% 94.6%
0.000 0.577 0.577 0.000 0.577 0.577 0.577 0.577 0.000 0.577 0.000 0.577 0.577 0.577
2 127+ 35.6% 17.6+ 62.6 9+ 10.6+ 13+ 19.6+ 28.6+ 43+ 41.6% 62.6+ 42.6% 64+
0.577 0.577 0.577 0.577 0.000 0.577 0.000 0.577 0.577 0.000 0.577 0.577 0.577 0.000
3 6.7+ 13+ 8.6 35.6% 4.6 9+ 9.6+ 12.6+ 14.6x 34.6x 21.6x 46% 23.6x 37.6%
0.577 0.000 0.577 0.577 0.577 0.000 0.577 0.577 0.577 0.577 0.577 0.000 0.577 0.577
4 3.3% 7+ 5+ 14.6+ 3.6+ 6.6+ 7.6+ 9+ 6.6+ 16.6+ 11.6% 24.6% 11+ 24.6+
0.577 0.000 0.000 0.577 0.577 0.577 0.577 0.000 0.577 0.577 0.577 0.577 0.000 0.577

For table 3, PRO: fortified with only probiotic; PRO+CI: fortified with probiotics and commercial inulin; PRO+PMI: fortified with probiotics and pearl
millet inulin; A: preservation at 4 °C; B: -20 °C, *Values are mean (n=3)+standard deviation

The concentrations of viable L. casei cells in milk cake samples
fortified by either beads or microcapsules containing either only
probiotics or mixture of probiotics and prebiotic commercial
inulin derived from chicory and preserved for 1, 2, 3 and 4 w
respectively were depicted in the bar plots in fig. 3a, 3b, 3c and 3d.

It was clearly indicated in the fig. 3a-3d that irrespective of the
methods of immobilization, fortification vectors and period of
preservation, the viability of the cells was more for preservation
condition of-20 °C in comparison to that exhibited at 4 °C. This is due
to better preservation of cells at-20 °C compared to that at 4 °C.
Similar observations were obtained by Martin et al. during their
studies on the preservation of immobilized L. fermentum at-20 °C
and 4 °C for 30 d. [22] Irrespective of immobilization method
preservation temperature and fortification vector, it was observed
that the viability of cells decreased even at-20 °C with the increase of
preservation period. This might be due to the formation of ice
crystals on prolonged preservation causing the destruction of
probiotic cells. When the effect of immobilization method on the
viability of cells was analysed, it was revealed that whatever might
be the fortification vector and the preservation time and condition,
the best viability of cells was shown by the microcapsules produced
through internal gelation method. This was justified by the fact that
due to the small size of microcapsules the surface area available for
the transport of substrates present in the extracellular food
materials into the cells was increased resulting in more
sustainability of cells. This was also due to the low leakage of cells
from the microcapsules in the case of internal gelation beads as
compared to the external beads, and the Ca-alginate entrapped
beads [17, 22]. The better viability of preserved probiotic cells
immobilized through internal gelation in comparison to those
immobilized with entrapment and external gelation techniques had
also been observed by other researchers [17]. It was clearly
indicated from the comparison of the performance of fortification
vectors that irrespective of immobilization method and preservation
period, the best viability of cells was exhibited by the co-
immobilized combination of probiotic cells and commercial inulin.
This was due to the fact that even under the immobilized condition,
the prebiotic inulin served as a suitable substrate for the
sustainability of the probiotic cells. As no reported data was so far
available on the effect of co-immobilization of L. casei and a prebiotic
compound, the comparison could be made with the literature data. It
was observed that the variation of the probiotic cell count (CFU) in
the 0.2 g/ml solution of food sample in phosphate buffer, as
described under experimental section, was in the range of 3-95
x107/ml and was much higher than the recommended lower limit of
cell count of 106CFU/ml in probiotic food. Thus all the milk cakes
fortified by different vectors were suitable as probiotic food. Among
all samples, a combination of probiotic cells with prebiotic inulin,
immobilized through internal gelation, were the most effective one.
As per expectation, the prebiotic inulin was effective in
enhancement and sustainability of probiotic cells even in co-
immobilized condition. All the food samples were suitable for human

intake even after 4 w of preservation. The viability of probiotic cells
in milk cakes fortified by microcapsules produced through internal
gelation containing combinations of L. casei and either commercial
inulin or pearl millet inulin was indicated by the fig. 5.
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Fig. 5: Comparison of effect of microcapsules obtained by internal

gelation method for both the combination probiotic-commercial

inulin and probiotic-pearl millet inulin at 4 °C and-20 °C (Results

are average of those obtained from three replicate observations.
Standard deviation varies from 0 to 0.57735)

It was clearly revealed from the close analysis of the fig. that the
effectiveness of pearl millet inulin in the enhancement of
sustainability of probiotic cells was marginally better than that of
commercial inulin. This might be due to the difference in the degree
of polymerization of inulin derived from chicory and pearl millet
inulin. However, more experiments have to be conducted to reveal
the exact fact. Therefore, the substitution of commercial inulin by
this nonconventional variety of inulin should be attempted in
commercial scale.

CONCLUSION

Under this study effects of different immobilization methods-Ca-
alginate entrapment; external and internal microencapsulation, the
fortification vectors, namely the probiotic cells, combination of
probiotic cells and commercial inulin/pearl millet inulin, preservation
temperature, 4 °C and-20 °C and period of 1-4 w on the sustainability
of the probiotic microorganism, L. casei in fortified Indian milk cake
has been investigated systematically. The pearl millet inulin has been
selected based on its best performance among three millet inulins
(great, pearl and finger millet) with reference to the growth of the
probiotic cells, namely, L. casei in free (not immobilized) culture. To
the best of our knowledge, this is the first investigation of this type.
This study indicates that microencapsulation techniques including
internal gelation, external gelation and direct calcium-alginate
entrapment methods can significantly support the survival of the
probiotic microorganisms in the fortified food product, namely Indian
milk cake over a preservation period of up to 4 w at both 4 °C and-20
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°C. However, on the basis of the viability of probiotic cells, the internal
gelation technique is found to be superior to the other two
immobilization techniques. The results show that the contribution of
different immobilization methods in increasing the viability of
probiotic bacteria in preserved and fortified milk cake follows the
order: internal gelation>external gelation>Ca-entrapped. Co-
immobilized probiotics with prebiotics, namely, commercial
inulin/pear] millet inulin markedly increase the viability of probiotic
cells over that obtained through fortification by immobilized
probiotics. Thus, the use of both commercial food grade inulin and
naturally derived pearl millet inulin has positive effects on the survival
of the microencapsulated probiotic cells in the food products during
storage. Results of the study suggest that pearl millet inulin offer
marginally more potential as prebiotic than the commercial food grade
inulin. Overall, the fortification results in elongation of the shelf life of
the preserved due to the sustenance of growth of probiotic
microorganisms which ultimately inhibit the growth of pathogenic
microorganisms in the food products into which they are added. It is
expected that the outcome of the present research study can be
utilized for the application of pearl millet and the conventional chicory
inulin (commercial) for the production of fortified food products using
synergistic probiotic-prebiotic combinations co-immobilized through
internal gelation technique.
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ABSTRACT

Objective: This research study is focused on the prebiotic effect of inulin on the antibiotic sensitivity of Lactobacillus casei and on the determination
of functionality of specific growth rate (i) of the probiotic bacteria on the concentrations of lactose (C.= 10-30 g/1) and inulin (Ci= 0.164-0.625 g/I)
along with the optimization of growth condition through Response Surface Methodology (RSM).

Methods: The sensitivity of Lactobacillus casei towards norfloxacin was determined using well diffusion method. Using the initial values of p (h!) of
Lactobacillus casei at different values of C. (g/1) and Ci (g/1), the functionality of p on the concentrations of the carbon sources have been derived,
and the optimum condition has been identified.

Results: Although Lactobacillus casei is sensitive to norfloxacin, resistance is developed in the presence of inulin. Quadratic model equation p =
0.83+0.054*C1-0.035*Ci-0.049*CL*Ci-0.29*C1.2-0.33*C2is valid and the optimum value of specific growth rate is 0.8285 h' at CL= 20 g/l and Ci= 0.32 g/1.

Conclusion: The interesting observation of the development of antibiotic resistance of Lactobacillus casei in the presence of inulin suggests that the
intake of probiotic Lactobacillus casei, may be done along with prebiotic inulin when a patient is treated with antibiotics like norfloxacin. Moreover,
the model equation correlating the functionality of growth rate of Lactobacillus casei on lactose and inulin will be helpful in fortifying the probiotic
milk products and drugs with prebiotics like inulin.

Keywords: Lactobacillus casei, Prebiotic, Inulin, Antibiotic sensitivity, Statistical growth model, Optimization of specific growth rate, Response
Surface Methodology
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INTRODUCTION

Synergistic combinations of probiotic bacteria and prebiotic
carbohydrates are new concepts in food processing [1]. Prebiotic
bio-molecules enhance the growth rate of probiotics which in turn
act against pathogenic bacteria through the secretion of bacteriocin
[2]. Thus, prebiotics may be combined with dairy products namely
yoghurt etc. which contain an array of probiotic bacteria [3]. Among
different probiotics, inulin, a fructan consisting of glycosidic bonds
like fructosyl-fructose with a terminal glucose unit is one of the most
popular one [4-7]. Ideally, the prebiotic molecule should not support
the growth of pathogens. Although the synbiotic combinations of
suitable probiotic-prebiotic pairs are expected to be beneficial for
human health, the assessment should be made about the sensitivity
of the combinations of broad spectrum antibiotics. The genus
Lactobacillus (probiotic bacteria) is inherently resistant to tetracycline,
vancomycin, erythromycin, streptomycin, clindamycin, gentamicin
and oxacillin, but, there may exist some broad spectrum antibiotics
against which probiotic strains are susceptible [8].

The combination with prebiotic may also influence the sensitivity of
probiotics. No such study elucidating this fact is reported in the
literature. Therefore, addressing all these issues regarding the
application of synbiotics in food processing, the following novel
objectives have been set in the present research by selecting the
combination of Lactobacillus casei (L. casei) and inulin as the
probiotic bacteria and prebiotic biomolecule respectively. These are
determination of the sensitivity of Lactobacillus casei against a broad
spectrum antibiotic, namely, norfloxacin with and without inulin;
determination of a statistical growth model; optimization of the
growth of Lactobacillus casei against the concentration of inulin and
lactose using Response Surface Methodology. The functionality of
specific growth rate of Lactobacillus casei on the concentration of
carbohydrate sources, determined for the first time in this report, is
very important for the overall production of the microorganism as
well as for the metabolic products generated during growth.

MATERIALS AND METHODS
Chemicals

Beef extract (10 g/1) (Merck, India), Yeast extract (5 g/1), Peptone
(10 g/1) (Himedia, India), Sodium acetate (5 g/1) (Himedia, India),
dipotassium hydrogen phosphate (2 g/1) (Himedia, India), Tri-
ammonium citrate (2 g/l) (Himedia, India), Magnesium sulphate
(0.05 g/1) (Himedia, India), Manganese sulphate (0.05 g/1) (Himedia,
India) and Lactose (20 g/1) (Merck, India) were used in the present
research study. These are the composition of Modified de-Man
Rogosa Sharp (MMRS) medium. Glucose is used as carbon source for
standard de-Man Rogosa Sharp (MRS) medium.

Microorganisms

Lactobacillus casei (2651 1951 RPK) culture purchased from NCIM,
Pune were used.

Prebiotic
Food grade commercial inulin purchased from Himedia, India.
Pre-adaptation of culture

Adaptation of the strain to Modified de-Man Rogosa Sharp (MMRS)
medium containing a high concentration of lactose (50 g/1) and
inulin (50 g/1) was performed by repetitive subculturing for three
times. The pre-culture process was conducted in an incubator at 37
°C using 250 mL Erlenmeyer flasks for 18 h, based on sufficient
growth (5x10%°cfu/ml).

The cell from the last adaptation experiment was stored at 4°C for
use in further experiments. The pre-adaptation is needed to activate
the culture at the high level of concentrations of lactose and inulin
exceeding the upper limits of present concentration ranges for the
two carbohydrate sources and to maintain the culture in the
exponential phase.
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Kinetic study

Batch experiments were conducted to determine the Kkinetics of
growth of Lactobacillus casei using both carbohydrate sources,
namely inulin and lactose simultaneously by varying the initial
concentration of lactose, ie, 10 g/l, 20 g/l, 30 g/l at each initial
inulin concentration of 0.00 g/1, 0.164 g/1, 0.32 g/l and 0.63 g/I.

Optimization study

The multivariate functionality of pave (average specific growth rate)
on two independent variables has been determined by conducting
13 batch mode experiments using the Central Composite Design
(CCD) technique to set the experimental conditions.

Experimental design and optimization

The Face-centered Central Composite Design (FCCD) was created by
entering the factors viz. the concentration of lactose and concentration
of inulin in terms of +1 levels to perform RSM using Design-Expert 8.1
(Stat-Ease, Inc., Minneapolis, USA). The experiments were conducted
randomly to avoid systematic biasness. Accordingly, a design layout
was created using 13 experimental runs with six center points. In a
typical experimental run, all the operating variables were pre-set at
a predetermined design value as per the experimental design layout
shown in table 1. In order to investigate the effects of individual
parameters as well as their interactive effects on the response
variable, a general second order polynomial response surface model
was selected and is expressed by Eq. (1):

Yic = big + ey biXi + iy biaiXF + Tict Ljeg biggXiXjromemmrem----- (1)

Where, Yk is response variable, bk is a constant intercept, bk, bxi and by
are the linear, quadratic and interaction regression coefficients
respectively. Xi and X; represent the coded values of the process
variables (factors). The regression Eq. (2) was considered for
multiple simultaneous optimizations in order to maximize Yk using
the numerical optimization program of the same Design Expert
software.

Antibiotic sensitivity

The sensitivity of the selected microorganisms, Lactobacillus casei
towards a common antibiotic namely, norfloxacin was also tested
using well diffusion method. MRS agar plate containing 20 g/l
glucose and MMRS agar plate containing 20 g/l glucose and
commercial inulin each was prepared. In each plate 0.1 g norfloxacin
was applied in the well. The Lactobacillus casei cell culture was
spread with a glass spreader. The plates were kept in an incubator at
37°Cfor24h.

Scanning electron microscopy (SEM)

SEM analysis of 24 h batch culture of Lactobacillus casei using two
types of MMRS media, one containing 20 g/l lactose and the other
containing 20 g/l lactose and 20 g/ commercial inulin, were used to
observe the morphological changes of the bacterial cell.

RESULTS AND DISCUSSION
Growth pattern of Lactobacillus casei in presence of inulin

Time histories of cell concentration have been plotted in fig.1 with
inulin (0-0.624 g/1) as a parameter at initial lactose concentration of
20 g/l. From the analysis of the figure, it is evident that the cell
concentration at any reaction time increase with the increase of
inulin concentration and passes through the maximum at the inulin
concentration of 0.32 g/1. Same trends have also been obtained for
other concentrations of lactose (not shown).

From fig.1 it is evident that at 0.624 g/1 inulin concentration specific
growth rate of Lactobacillus casei is lower than at 0.32 g/l inulin
concentration due to substrate inhibition. As inulin is a heavier
molecule, even the enzymatic conversion to its monomers is slow
and hence there is an accumulation of inulin on outer cell wall at
high concentration levels. Due to the formation of a thick layer, a
mass transfer limitation may creep into the system.
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Fig. 1: Growth curves of Lactobacillus casei for 20 g/l lactose
concentration using concentrations of inulin as a parameter.
M: without inulin, @:0.164 g/l inulin, 4 : 0.32 g/l inulin ¥
:0.625 g/l inulin

Dependence of specific growth rate (n) on concentrations of
lactose and inulin

According to the standard MRS medium composition for lactic acid
bacteria, carbohydrate concentration is used 20 g/1. Under this study
lactose was used as the carbohydrate source. In order to carry out the
optimization of specific growth rate (yt) through Response Surface
Methodology, the range of concentration of lactose (C.= 10-30 g/1) was
chosen around the standard carbohydrate concentration value (20
g/1) of MRS medium. From preliminary observation, it was seen that
inulin has inhibitory effect at high concentrations and hence a low
concentration range was chosen for inulin under the present study.
The values of p obtained at different values of concentration of lactose
(Cyy and concentration of inulin (Ci) have been shown in table 1.

In accordance with the statistical analysis model fit summary (table
2), a quadratic model was selected as the best fitted with lower
standard deviation (0.060) and lower PRESS value (0.18), predicted
residuals sum of squares (1.27), higher adjusted R2 (0.9666),
regression coefficient (0.9108), predicted R? regression coefficient
(0.8613) and adequate precision in comparison to linear and 2F], i.e.,
Two-Factor Interaction model. The data obtained from ANOVA,
“analysis of variance” (table 3), for quadratic model shows an
insignificant lack of fit (sum of squares = 1.27>0.05), larger F value
(Fischer test value) (70.39), high R?value (0.9805) and low C. V., i. e,
“coefficient of variance” value (0.89). The model equation showing
the dependence of specific growth rate simultaneously on initial
concentration of lactose and inulin is as follows:

p=0.83+0.054*C.-0.035*C1.0.049*CL*Ci-0.29*C1.2-0.33*C2------=-------

Where Ci. and Ci are the concentrations of lactose and inulin and p
(R1) is specific growth rate. From Eq. 2, it is evident that the factors
Ci, Crand Ci12 affected the change in weight of the sample positively.

Optimization

In order to understand the effect of lactose concentration and inulin
concentration on specific cell growth rate, the result obtained by
response surface methodology technique have been presented in
three-dimensional plots shown in fig.2a. It is observed that the
maximum specific growth rate of Lactobacillus casei is obtained at
20 g/l of lactose concentration and 0.32 g/l of inulin concentration.
The contour plot shown in fig.2b clearly confirms the optimum
values of the response variables. Solutions for optimal conditions of
specific growth rate are shown in table 4.

Effect of inulin on antibiotic sensitivity

The photographs of petri-plates of Lactobacillus casei, used for the
determination of antibiotic (norfloxacin) sensitivity through well
diffusion technique with and without inulin are shown in fig.3a and
fig.3b. By the measurement of zone of inhibition it is clear that while it
measures 0.055 m in absence of inulin, no inhibition zone is observed in
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the presence of inulin. Thus, it is revealed that while the strain of
Lactobacillus casei used in the present investigation is inherently
susceptible towards norfloxacin, resistance to the antibiotic is developed
in the presence of inulin. The results signify that norfloxacin act against
the Lactobacillus casei strain used under the present investigation. The
antibacterial effect of norfloxacin, a fluoroquinolone, may be through the
inhibitory action on the enzyme DNA gyrase, essential for replication,
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repair and transcription of DNA and topoisomerase essential for
entangling DNA of the bacteria under attack [9].

However, the exact mechanism may be determined by further
investigation. The development of resistance in the presence of
inulin may be due to the formation of a coating of inulin around the
cell wall as observed (fig. 3b) in the case of growth of the same
microorganism on lactose and inulin.

Table 1: Experimental design matrix

S. No. Cug/l Gg/l Cug/l Gg/l Response () (h'1)
1 20.00 0.32 0 0 0.8285
2 30.00 0.62 +1 +1 0.092
3 10.00 0.62 -1 +1 0.1823
4 20.00 0.75 0 +1 0.151
5 20.00 0.13 0 -1 0.2173
6 5.9 0.32 -1 0 0.12

7 20.00 0.31 0 0 0.8285
8 30.00 0.00 +1 -1 0.283
9 20.00 0.32 0 0 0.8285
10 10.00 0.00 -1 -1 0.1787
11 20.00 0.32 0 0 0.8285
12 20.00 0.32 0 0 0.8285
13 30.41 0.32 +1 0 0.4143

Here, CL= Concentration of lactose, Ci= Concentration of inulin, u = Specific growth rate.

Table 2: Model Fit summary statistics for final specific growth rate

Std. Dev.

Mean

C.V.%

PRESS
R-Squared
AdjR Squared
PredR-Squared

0.060
0.44
13.38
0.18
0.9805
0.9666
17.684

Here, C. V. = Coefficient of variance, The Analysis of Variance (ANOVA) table is shown in table 3.

Table 3: Analysis of variance (ANOVA) for response surface quadratic model

Source Sum of squars df Mean square F value p-value Prob>F
Model 1.25 5 0.25 70.39 <0.001(significant)
C. 0.023 1 0.023 6.53 0.0378
Ci 9.882E-003 1 9.882E-003 2.79 0.1387
CiCi 9.467E-003 1 9.467E-003 2.67 0.1460
G2 0.59 1 0.59 166.47 <0.0001
ci2 0.77 1 0.77 217.31 <0.0001
Residual 0.025 7 3.541E-003
Lack of Fit 0.025 3 8.262E-003
Pure Error 0.000 4 0.000
Cor total 1.27 12
Here, F value= Fischer test value, p-value= lack of fit value
Specific growth rate

Dessgn Expert® Satware
Rt

Inw e —

0.84 T
X1=TLactese concentration |
X2=Inulin concentration

065254
|
0.465 +

|
02775 %

Specific growth rate .00, |
T ]
0.62 ! ~730
047 25
031 20
" g 016 g z
Inulin concentration 0.00,, Lactose concentration

Fig. 2a: Three-dimensional plots for optimization of specific growth
rate of Lactobacillus casei. Here R1= Response (1 or specific growth
rate)

0.62

047

031

Inulin concentration

0.16

0.00

Lactose concentration

Fig. 2b: Contour plot for optimization of specific growth rate of
Lactobacillus casei
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Table 4: Solutions for optimal conditions of specific growth rate

Number Lactose concentration (Cv) Inulin concentration (Ci) Desirability
1 20.00 0.32 1.0 (selected)
2 10.00 0.62 0.909
3 10.00 0.00 0.909

Fig. 3a: Effect of norfloxacin on Lactobacillus casei in de-Man
Rogosa Sharp (MRS) agar plate. The marked area indicates the
zone of inhibition (.055 m)

Fig. 3b: Effect of norfloxacin on Lactobacillus casei in Modified
de-Man Rogosa Sharp (MMRS) agar plate in presence of inulin

‘.‘ ;}fh‘; ‘

Fig. 4b: SEM image of Lactobacillus casei cell in presence of inulin

Scanning electron microscopy image

The SEM images (fig. 4a and 4b) of Lactobacillus casei grown on
lactose and on lactose-inulin mixture respectively reveal that in the
presence of inulin, there is a formation of a distinct layer of inulin
over the cell wall. This may be due to the fact that inulin, being a
large molecule cannot be transported inside the cells, and they are
decomposed enzymatically to glucose and fructose which are in turn
assimilated by Lactobacillus casei [10].

CONCLUSION

From the experimental findings, it is ascertained that the presence of
inulin imparts resistance in Lactobacillus casei against norfloxacin, a
broad spectrum antibiotic. Thus, inulin may be mixed with dairy
products using Lactobacillus casei to avoid the destruction of
probiotic cells in the human body by the antibiotic. From response
surface methodology, it is observed that the specific growth rate is
maximum (0.8285 h1) at concentrations of lactose and inulin of 20
g/l and 0.32 g/l respectively.
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ABSTRACT

Objective: In the present investigation inulin has been extracted from dietary fibre rich Indian food stuffs, namely, garlic, wheat, oat and dalia.
Inulin in the raw food stuff and in the extract has been assessed qualitatively and quantitatively.

Methods: Inulin has been extracted from each food source using a combination of lab-scale chemical processes and unit operations. Qualitative
assessment of inulin in different food samples and their extracts has been done using FTIR and TLC and quantitative assessment has been done
using high performance liquid chromatography (HPLC) and also through combination of TLC and spectro-photometry.

Results: The concentration (on dry weight basis) of inulin in natural prebiotic sources has been determined to be 16.60%, 13.07%, 8.94%, 14.95%
for garlic, wheat, oat and dalia respectively. The extraction of inulin from garlic, wheat, oat and dalia was possible up to the extent of 99.46%,
77.94%, 53.31% and 89.15% respectively.

Conclusion: It may be concluded that all the food samples, investigated under the study, may serve as potential sources for extraction of prebiotic
inulin. The present extraction procedure may be escalated to commercial scale for the production of inulin particularly from garlic for which the

efficiency is as high as 99.46%.
Keywords: Dietary fibre, Prebiotic, Inulin, FTIR, TLC, HPLC.

INTRODUCTION

Studies on prebiotics and probiotics are recently attracting the
attention of scientists and technologists due to immense potential of
these two closely related bio-systems. Prebiotics are basically any
non-digestible food ingredients that can benefit the human body by
stimulating the growth and activity of one or more species of
probiotics in the large intestine and produce short chain fatty acids
(SCFAs) resulting in a decrease of the colon pH [1]. Prebiotics may be
added to food preparations containing probiotics to enhance the
stability of food matrix and viability of probiotic cultures [2].

Prebiotics are mostly oligosaccharides in chemical nature. Full-
spectrum prebiotics, e. g, oligofructose-enriched inulin (OEI)
provide the full range of molecular link lengths from 2-64 links per
molecule and nourish bacteria throughout the colon. Inulin has been
defined as a polydisperse carbohydrate material consisting mainly, if
not exclusively, of B-(2-1) fructosyl-fructose links [3]. A few reports
are available, showing the positive effect of inulin on the growth of
probiotic organism [4, 5, 2]. Huebner, 2007 reported that inulin
enhanced the growth of L. Casei [6]. In addition to the inclusion of
inulin in yogurt, it is also used as a substitute of fat in low fat
emulsions like salad dressings etc [7].

For the fortification of food products with prebiotic, like inulin, the
possibility of extraction of the latter from all available natural food
grade resources should be investigated. Inulin producing plant
species are found in several monocotyledonous and dicotyledonous
families, including Liliaceae, Amaryllidaceae, Gramineae, and
Compositae [8]. Usually, food stuffs, rich in dietary fibre, serve as
prebiotic sources.

In spite of several resources of inulin, only one inulin containing
plant species namely Chicory (Chichorium intybus) has been used to
produce inulin commercially so far, possibly because of technical
snags for exploring other resources. It is now established that inulin
is naturally available in several fruits and vegetables. Among them
garlic, onion, wheat, oat, dalia, banana etc. are some of the common

Indian vegetables and fruits which have been reported to be rich in
inulin by earlier researchers [9, 10]. It may be noted that no
systematic and programmed investigation is available on qualitative
and quantitative assessment of inulin in these Indian vegetable
stuffs. Although a few scattered information have been reported in
the literature review articles [11, 12] on the content of inulin in
several Indian vegetables but these are only on piece meal basis and
are not suitable for commercial exploitation.

Considering the importance of isolation and purification of inulin
from its native source, in the present investigation an attempt has
been made to isolate and characterise inulin quantitatively and
qualitatively from four candidate materials namely- garlic, oat,
wheat, and dalia. Qualitative identification of inulin has been done
using Fourier transformed infrared (FTIR) while quantitative
determination has been carried out using thin layer chromatography
(TLC) followed by spectrophotometry and high performance liquid
chromatography (HPLC).

A pure food grade sample of inulin has been used as standard for the
purpose of comparison. This investigation presents a programmed
study on isolation and characterisation of inulin from four
abundantly available food materials.

MATERIALS AND METHODS
Materials

Garlic (Allium sativum), wheat (Triticum spp) oat (Avena sativa)
and dalia (Bulgur) were purchased from local market. Moisture
contents of all prebiotic sources are provided in Table 1. Food grade
inulin purchased from Himedia, India, was used. TLC Silica gel G 60
Aluminium sheets 20 x 20 cm (Merck HX 816976, Germany),
benzene  (Ranbaxy, India), acetic acid(Merck, India),
methanol(Merck, India), resorcinol(Merck, India), ethanol (Merck,
India), sulphuric acid(Merck, India), HCL (Merck, India), HPLC water
(Merck, Germany), Acetonitrile (Merck, Germany), Column: C-18
Phenomenex (250 x 4.6 mm x 5u) were used.
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Analytical Instruments

Shimazdu FTIR Spectroscope 8400, Varian UV-visible spectro
photometer Cary 50 Bio, Shimadzu Corporation Reverse Phase with
RI detector HPLC (Model no: CBM-Ro A) were used.

Determination of Inulin in Natural Prebiotics

Inulin in different natural prebiotics was qualitatively and
quantitatively determined using thin layer chromatographs (TLC).

TLC (Thin Layer Chromatography)

The standard Inulin solutions of different concentrations (5g/L,
10g/L, and 20g/L) were hydrolysed using 5% oxalic acid and heated
in boiling water bath for 30 minutes [13]. 1 mL of each inulin
solution was hydrolysed with 4 ml oxalic acid. Filtrate obtained from
suspensions of aqueous test solutions of raw natural prebiotics at
concentration of 20g/L each were hydrolysed using the same
protocol. Approximately 10 pl of each hydrolysed sample was
applied to spot on the aluminium sheet (TLC Silica gel G 60
Aluminium sheets) by a micropipette (make: Biohit proline 0.5 to 10
ul) and was developed for ~ 3 h in the n-butanol: acetic acid:
methanol solvent (4:2:2) [14] mixture in a closed chamber. The
mobile phase (solvent) was at the bottom of the tank. The mobile
phase gradually moved upward carrying the spotted samples. Once
the solvent front moved ~ 2/3 of the sheet, the sheet was removed;
the solvent front was marked immediately and dried with a portable
dryer. The sheet was sprayed with spraying reagent which had been
prepared by mixing 0.2% orcinol in sulphuric acid and was
incubated in hot air oven for 15 minutes at 70°C. Dark brown spots
appeared for different samples. R¢ values (Relative Fronts of the
solute and the solvent) were calculated using the following equation.

R¢ = Distance moved by the solute ......... (8]
Distance moved by solvent

From the TLC of each sample spot obtained at the same position as
inulin, was scraped out and collected in a sample vial containing 10
mL distilled water each and OD values of supernatants were
determined with the spectrophotometer at 540 nm, to quantify the
concentration of inulin. Standard curve (not shown) generated using
0D values of TLC spots corresponding to pure inulin solutions of
different concentrations have been used to determine inulin
concentration in the natural prebiotic extracts.

Extraction of Inulin

The prebiotic native sources, namely, garlic, wheat, oat, and dalia
were washed properly with distilled water. In case of garlic, peeling
of outer skin was done manually and the core portion was taken for
the preparation of paste. 100 g garlic cloves were cut into small
pieces and with addition of 150 mL distilled water was blended
with Mixer-Grinder. The protocol for chicory reported by
Mavumengwana was followed with some modification to extract
inulin from garlic, wheat, dalia and oat. The flow sheet showing
different operations in the protocol is shown in figure 1.

Heat 2 70°C, 1h| Distilled water
(Galie 330 mi)
Wheat and Dalia: 500 ail

Wepebiote ) e Grinie | Stized vl }“‘_‘“,| Fiker Cleth
150nL

Distillesd waler

Recycls

Thaving and

decantaion Filtrate

Stisrd 250 mL
vessel Distilled
Solid wastz Water
Supematact Galic
! Whet
Vae Freaz Cauce i S i rhsidue Daliz
Eraporatee .

Powder

e

Fig. 1: Process of inulin extraction from natural prebiotic
sources
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According to the protocol, suspensions of the aqueous pastes of
different samples were prepared. The volume of distilled water used
for the preparation of suspension was 750 mL for all samples except
wheat, for which 900 ml water was required. The suspension was
heated up to 70°C and was subsequently screened. Heating up to
70°C had been recommended by previous workers [15, 16], to de-
activate the inulinase, which might have otherwise led to the
conversion of inulin to fructose. The solid cake from the filter cloth
was resuspended several times in distilled water and was recycled
to the filtration unit. Finally the filtrate was treated with calcium
hydroxide to raise the pH up to 8.0. The pH was readjusted to 7.0 by
using 0.8 M HCL. After the adjustment of pH, filtrate was frozen at -
22°C for 3h and was thawed. The supernatant was evaporated under
vacuum to evaporate water and to obtain crude inulin powder. The
crude inulin powder obtained from garlic, wheat, dalia and oat were
analysed quantitatively and qualitatively using HPLC. Quantity of
inulin in the extracts of prebiotic samples was also determined using
DNS method. Chemical bonds present in native inulin powder were
assayed using FTIR spectroscopy.

Characterization of Extracted Inulin Powder
HPLC (High Performance Liquid Chromatography)

The extracted inulin powder derived from each natural prebiotic
was analysed using HPLC to determine the concentration of inulin.
Solutions (1g/ml) of standard inulin and extracted inulin powder of
each natural prebiotic sample were prepared in distilled water.
Similarly, solutions of pure samples were also made maintaining
concentration of 0.2g/mL. The sample was subsequently freeze
dried to obtain the solution of 1g/mL. 20 pul of each sample solution
was injected through the column using water: acetonitrile (80:20)
solvent system with a flow rate of 1 mL/min at column temperature
of 25.8°C.

DNS (3-5 Di-nitro salicylic Acid method)

1g of natural inulin powder of each prebiotic sample was taken in 5
ml distilled water and 5 ml solution of 4:1 acetonitrile: water was
added. This solution was allowed to precipitate. The solvent was
decanted and after repeated washing with distilled water the final
suspension of 4 mL was divided into two parts. One part was taken
directly for fructose determination using DNS (3, 5- Di-nitro salicylic
Acid) method and another part was hydrolysed with 5% oxalic acid
following the same protocol used in case of TLC analysis was further
analysed using DNS [17]. Since extracted inulin powder contents
inherently associated sugar molecules, DNS analysis of extracted
inulin powder will provide the concentration of sugars associated
with inulin powder. On the other hand after hydrolysis of inulin
when the sample is subjected to DNS analysis, concentration of sugar
obtained from the breakdown of inulin structure will be achieved.
The difference of the sugar content between the hydrolysed product
and the parent inulin powder will be the fructose content in the
inulin. The concentration of pure inulin in the extract inulin powder
is obtained by the simple molar ratio relationship given by
Mavumengwana.

[1] =162 x [F]/180

Where [I] = concentration of inulin, g/L and [F] = concentration of
fructose obtained from inulin, g/L.

FTIR (Fourier Transformed Infrared Spectroscopy) Analysis

In order to verify the presence of inulin in the four selected food
materials, under study, FTIR analysis has been carried out to arrive
at a conclusive decision. For all the test cases comparison has been
done with that of the pure food grade inulin.

RESULTS AND DISCUSSIONS
TLC Analysis

Results obtained from thin layer chromatogram (Figure not shown)
indicate the presence of inulin in each of the four candidate samples
taken for study. From TLC experiment R values of inulin have been
calculated. These values have been compared with the R value
obtained for standard food grade inulin. Results are shown in Table 1.
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Table 1: R¢ values of prebiotic food samples and inulin

Samples R¢ Values
Inulin 0.8

Garlic 0.8
Wheat 0.9

Oat 0.92
Daliah 0.9

A quantitative approach has been made using TLC data to find out
the content of inulin (weight % dry basis) in each sample. The
results are shown in Table 2.

Table 2: Concentrations of inulin in different prebiotic

Natural Quantity of Inulin Extract
prebiotics (powders)(%)(w/w)
Garlic 16.6

Wheat 13.07

Oat 8.94

Dalia 14.95

Indian food materials

It is evident from the Table that garlic contents the maximum
amount of inulin whereas oat content least amount of inulin. Such
results are, however, expected. Garlic being fibrous vegetable and
containing high fructose should possess high concentration of inulin.
On the other hand, oat, a digestible cereal containing the least
amount of fructose in it out of the four samples investigated
possesses least quantity of inulin.

The OD values obtained by spectrophotometric analysis of aqueous
solution of coloured spots on TLC plates have been used for the
calculation of percentage of inulin present in the above mentioned
natural prebiotic materials. The concentration of inulin in each
natural prebiotic source, calculated on dry weight basis, has been
provided in Table 2. It is evident that Garlic contains maximum
concentration (16.6%) of inulin. Concentration of inulin in garlic is
also determined to be 15.69% using HPLC analysis.

Estimation of Inulin in extract powder by DNS method

In order to find out the quantity of inulin content (weight % dry
basis) in inulin extract powder obtained from different natural
prebiotic samples DNS method has been applied. The results
obtained from these experiments are shown in Table 3.

Table 3: Percentage of inulin content in the inulin extracts

powder
Natural prebiotic Fructose Inulin Percentage inulin in
sample content, g/L content, g/L extract powder
(from
Equation 2)
Garlic 276.3 248.67 99.46
Wheat 216.5 194.85 77.94
Oat 148.08 133.28 53.31
Dalia 247.64 222.88 89.15

From the table it also appears that the purity of inulin obtained from
garlic is the maximum compared with the other prebiotic samples.
Since extracted inulin is a mixture of pure inulin and associated
sugars, it may appear that the quantity of extracted inulin is greater
than the quantity of pure inulin present in the native source. The
difference in quantity of extracted inulin and inulin actually present
is minimum in case of garlic because of very low content of other
carbohydrate present in it. However, for other samples studied in
the present investigation an appreciable difference is noticed in this
regard.

HPLC

In order to ascertain the presence of inulin in garlic a qualitative
experiment has been performed using HPLC technique. The
chromatogram attached (Figure 2 and 3) for raw garlic sample and
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the standard inulin powder (obtained from market) clearly indicates
the peak corresponding to retention time (RT) 2.45 minutes for
standard inulin and RT 2.414 minutes for garlic sample. Evidently
this close resemblance of RT is a qualitative indication of the
presence of inulin. The chromatogram data when processed shows a
quantitative content of inulin of 15.7% by weight dry basis in the
garlic sample while for standard inulin powder this value is 82.13 %.
Similar observations were made for other prebiotic samples, viz.,
wheat, oat and dalia used for the present investigation. It may be
noted that the result obtained from HPLC is comparable to that from
TLC.
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Fig. 3: HPLC chromatogram of inulin

Fig. 4: FTIR chromatogram of inulin

Qualitative analysis of prebiotic samples for their inulin content
using FTIR

Although TLC, HPLC and DNS analyses of the prebiotic samples used
in the present investigation have confirmed the presence of inulin in
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them, in order to take a conclusive decision FTIR analysis of the
samples has been carried out. The FTIR chromatogram of the
standard food grade inulin sample (used for comparison purpose)
and four other samples are shown in figures 4 and 5 respectively.

By comparing above two figures the distributions of chemical bonds
in the standard sample and the sample under study have been
evaluated and the results are shown in Table 4.

On closure examination it reveals that in each of the candidate food
materials inulin is present. A careful qualitative comparison also
shows that chemical composition of garlic extract is almost similar
to the standard inulin throughout the wavelength scanned (Table 4
and figure 5). This indicates that the garlic is enriched with inulin
and is a potential source of the same. On the other hand
chromatograms of wheat, oat and dalia have shown the similarity to
the inulin less than that of garlicc A close comparison of
chromatograms (figures 4 and 5 and table 4) evidently indicates that
the centroid of the main maximum of pure inulin sample and the
hydrolysed garlic sample fall on the same wavelength between
3240.41 to 3348.42 cm'1. Therefore it may be stated that garlic is
highly enriched in inulin. The centroid of the wheat lies higher than
that in the spectrum of inulin about 40 cm'!, whereas the centroid of
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oat and dalia shift to about 31 cm? higher than that of inulin in each
individual case (figures 4 and 5 and table 4). This may be due to the
influence of different interfering ions present in these food stuffs
[23]. The mass fractions of inulin in wheat, oat and dalia are also
appreciable.

Fig. 5: FTIR chromatogram comparison between inulin, garlic,
wheat, oat and dalia

Table 4: Wavelength numbers of prebiotic samples

FTIR wavelength numbers

Range of functional groups

Inulin Garlic Wheat Oat Dalia

1633.71 1633.71 1633.71 1635.64 1633.71 (1620-1680) -C=C- Alkenes [18]

(1638.84) C=0 [19]

1965.46 1965.46 1963.53 1905.67 1869.02 (1908-1960) O-H stretch first overtone, C=0 stretch second overtone, O-H stretch/O-H

bend combination

1988.61 1988.61 1988.61 1940.39 1909.53  (1980) Asym N-H stretch/N-H in plane bend; C-N stretch combination [20]

2015.61 2015.61 2015.61 ---- 1944.25
2038.76  2036.83 2038.76  ---- 1967.39
2061.90 206190 2061.90 ---- 1990.54
2086.98 208891 2086.98 ---- 211591 (2100-2260) -C=C- stretch in alkynes, -C=N- stretch in Nitrile, OH bond, C-O stretch [21]

2104.34 2100.48 2100.48 2104.34 ----
2351.23 2353.16 235894 235894 235894
2389.80  ---- 2328.08 2330.01 ----

3240.41 324041 327899 3271.27 3271.27 (3200-3500) O-H [22]

3290.56  3290.56  --- - -

CONCLUSION

The present investigation on isolation of prebiotic from different
natural sources reveals that the Indian food samples, namely garlic,
wheat, oat and dalia contain the prebiotic inulin. The concentration
of inulin in each food component has been determined using the
combination of TLC supported by spectrophotometric methods and
HPLC. The extraction of inulin was also performed for all prebiotic
food samples under study. The inulin in extract was analysed
qualitatively and quantitatively using HPLC and DNS methods. The
purity of inulin extract is 99.46 % in case of garlic and this is the
maximum value obtained from the samples studied in the present
investigation. The powder was characterised regarding the
distribution of chemical bonds using FTIR and was satisfactorily
compared with standard inulin. The flow chart used for the purpose
of extraction of inulin is a commercially viable process. The evidence
of high concentration of inulin in these food stuffs also supports the
daily intake of them for the maintenance of good health.
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w ! 117 % chlorophyll whereas Anabaena sp. showed presence of 41.51 “oprotein, 35.58 % carbohydrate, 12.58 % lipid and
.63 ' chlorophyll 16.3 mg of lipid is extracted from 300 mg of dryChlorella pyrenoidosa cells and converted to fatty acid
iethyl esters (FAME) by the method of acid basedtransesterification to yield 4.4 mg FAME. Similarly, from 300 mg dried
-nabaena cells, 39 mg of lipid is extracted to yield13.5 mg of FAME. These results indicate possibility of using both the algae
>t bio-diesel application; Anabaena sp.showed better growth and lipid production over Chlorella sp.

eywords: Bio energy, lipids, FAME
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MULTIVARIATE STATISTICAL ANALYSIS OF PHYSICO-CHEMICAL PROPERTIES OFBIOMARKER FOR MUSCULOSKELETAL CANCER/SARCOMA

S. Soma Sekhara Reddy, C. Sumana*
Chemical Engineering Division, Indian Institute of Chemical Technology, Hyderabad
E-mail: sumana.chenna@gmail.com

bstract: Present study is focused on the multivariate analysis of physico-chemical propertes of sN-CAD protein data which is a
iomarker for Sarcoma. If any protein has to enter a cell or it needs to be expressed in an otganism, it has to be in an active soluble
»rm 1o be functional. The solubility of a protein depends on the physico-chemical properties of the protein. These properties
te also useful in preventing the aggregation of a protein during its folding. Analysis of physico-chemical properties is helpful
1 predicting the nature of the protein, as well as in optimising expression of the protein. Overall 133 amino acid sequences of
N-CAD, mainly belonging to vertebrates are considered for this study. The physico-chemical properties of these sequences are
valuated and the data is further subjected to principal component analysis (PCA), a powerful multivariate statistical technique,
*hich transforms the correlated high dimensional data into uncorrelated lower dimensions. The contribution chart evaluated
y PCA has identified some of the important physico-chemical properties of sN-CAD biomarker for musculoskeletal sarcoma.

"hese studies may be helpful in improving the diagnostic ability of biomarker and also in developing appropriate drug delivery
sstems.

eywords: principal component analysis, biomarker, physico- chemical properties
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EFFECTS OF COMMERCIAL F:.EBIOTIC ON SUCEPTIBILITY OF L.CASEI AGAINSTNORFLUXACIN AND EFFECTS OF IMMOBILIZED FORM ON
ANTIMICROBIAL ACTIVITY OFL.CASEI
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bstract: Due to heavy use of antibiotics over the past few decades, microorganisms by their natural ability have adapted
emselves to resist many of the antibiotics[4]. So researchers are becoming interested in finding out other alternatives of those
itibiotics, which do not have much side effects. Probiotic organisms lactic acid bacteria used in yoghurt can be a very good
lution of this persisting problem, because they have many health benefits effects due to antimicrobial effects towards many
thogens[5]. The effects of these probiotic organisms can be increased to several degrees with the incorporation of some
tural growth inducers, called prebiotics{1}. The current research study is focused on the enhancement of antimicrobial effects
" probiotic lactic acid bacteria, namely Lactobacillus casei in presence of commercial prebiotic, inulin. The growth kinetics

selected probiotic organism, L.casei has been determined both with and without commercial prebiotic supplement (inulin).
ebiotic score have been determined for all prebiotics. For both L.casei and E.coli the number of viable cells (N24) determined
‘er 24 h batch growth in modifird MRS medium containing 1%glucose and 1% prebiotic separately as carbohydrate. The
sceptibility of the selected microorganisms towards a common antibiotic namely, norfloxacin has also been tested. It has
en observed that although L.casei is sensitive towards norfloxacin in absence of inulin, resistance is developed when inulin is
esent. This has been observed by measuring the zone of inhibition as a function of inulin concentration. Zones of inhibition
e to the application of L.casei in free and immobilized form in E.coli culture have been measured.

ywords: Probiotics, Prebiotics, Immobilization, Antimicrobial activity, Inulin
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