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Abstract

Probiotics are live microorganisms which providaltie benefits to the host upon con-
sumption. There is a wealth of information avaiabh the health benefits associated
with the consumption of probiotics. However, cuthgmprobiotic microorganisms are
delivered mainly through refrigerated, short shiéfproducts. When incorporated into
ambient shelf-life products, the products genertdil/to meet the regulatory criteria,
which require probiotic bacteria to be viable ighinumbers at the end of shelf-life.
Storage temperature, oxygen and residual moistureent often result in loss of viabili-

ty of probiotics during storage and distribution.

A preliminary study was carried out to explore #féects of matrix composition (fat,
protein and carbohydrate) on the probiotic badtétiactobacillus paracaseCRL 431)
viability, during fluidized bed drying and subseqtistorage. The finding suggests that
whole milk powder provided a superior protectionktacteria during fluidized bed
drying and subsequent storage, compared to skit poNvder or milk protein isolate.
Moreover, water activity of the powders during agge played a key role in determining
the probiotic viability.

The effects of drying techniques, moisture congett water activity on the storage sta-
bility of L. paracasein a whole milk matrix were studied. Whole milk pdev-bacteria
mixtures were dried using spray drying, freezemyyar fluidized bed drying and stored
at 25 °C under controlled water activity ( 04,1 0.33a, and 0.52,) for 105 days. At
0.11 a,, cell viability loss was minimal, while at 0.5, viability was lost in all pow-
ders within 22 days. At the intermediate 0883 there were marked differences among
stored powders. Further, various analytical teamesq(X-ray diffraction, FT-IR, Ra-
man, NMR spectroscopy) were used to explore whylawd structural differences in
the matrix-bacteria mixtures, produced using déferdrying technologies, under dif-
ferent water activity storage conditions, influemeeterial viability. The results suggest
that fluidized bed drying provided a better protattto the bacteria during storage,
which was attributed to unique powder structurd tleduced the absorption of water.
The lower absorption of water resulted in the nemanhce of a more rigid structure,

which limited molecular mobility.

Lactobacillussp. is known to accumulate large amounts of imumymanganese which
apparently provides defense against oxidative danbggscavenging free radicals. The



ability of L. paracaseito maintain viability during long term ambient ige may be
enhanced by the ability of microorganism to accuwataiimanganese, which may act as
free radical scavenger. To investigate this hypo#hex-ray fluorescent microscopy
(XFM) was employed to determine the changes iretamental composition df. par-
acaseiduring growth in MRS medium with or without mangae as a function of
physiological growth state (early log vs. statignphase). The results revealed that
lower level of manganese accumulation occurredndutie early log phase of bacterial
growth compared with the stationary phase cell® Bhwver level of manganese accu-

mulation was found to be related to the loss irtdréad viability during storage.

Manganese has been known to possess pro- andx&tdinb properties, and understand-
ing of the changes in the manganese oxidation stateconsidered to provide some
further insights into the bacterial death mechasisim view of the relatively high con-
centration of manganese in lactobacilli, it wasndérest to better understand the oxida-
tion state, coordination number and ligands of nienganese in the bacteria. It was
possible to characterize the changes of manganiisi|em Wwacteria using XANES. The
results confirmed that manganese present withiparacaseiis in Mn(ll) oxidation

state and no changes in the manganese ligands leewldserved during storage.

In summary, the thesis provides a mechanistic Imsigo the ways to improve the sta-
bility of probiotics for application into ambientrig shelf-life products. Future studies
on tracking the genetic and proteomic aspects @fotiicteria during storage might be

useful for further understanding and process ogaton.

Keywords: Probiotics, freeze drying, spray dryifigidized bed drying, FT-IR, NMR
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Chapter 1General Introduction

1.1 Introduction

Today healthcare cost is at an all-time high, utengble and continues to rise
(ANPHA, 2013). Governments and organizations arahwedwvorld are turning to work-
place health programs, to help employees adopthiealifestyles to lower the risk of
chronic diseases. In pursuit of good health, pebple understood the importance of
food in causing and preventing diseases. They akirlg to adopt the viewpoint of
Hippocrates “let food be thy medicine and medicbhee thy food”, and adapt more
healthy practices. As a result of change in consumrdset, there has been increased
demand towards food which improves their overallthe Over the years, food and
beverage industry has developed functional foodsehminate nutritional deficiencies,
improve gut health and immunity. There are dozdrsiocessful examples of fortifica-
tion compounds, such as vitamins, minerals andigticb added commercially in food
products to enhance health benefit. During the dastde, there have been more than
8,000 research articles indexed in PubMed contgitiie term “probiotic”, and estab-

lishing its effectiveness in controlling chronisdases (Hill et al. 2014).

Probiotics are defined as “live microorganisms \Whichen administered in adequate
amounts confer a health benefit on the host” (FABGQY 2001). The market for probi-
otic foods was projected to reach US$20 billior2620 (Siro et al. 2008) and deserved
to be recognized as a top functional ingredienfef@fg the consumer with diverse
range of probiotic food products, some, manufacsuled to misuse of the term “probi-
otic”, without meeting the required criterion. Wighview to re-examine the concept of
probiotics, and to protect the consumers from ragileg health claims, International

Scientific Association for Probiotics and PrebistiéSAPP) meeting was held on'23



October 2013, bringing together clinical and safenexperts. The Consensus panel
outcome was to keep live cultures, traditionallgaasated with fermented foods, for
which there is no evidence of a health benefitsioet the probiotic framework. Probi-
otic framework must only include microbial specthat have been shown to provide
health beneficial effect in well conducted contedlhuman studies, and delivery of via-

ble probiotics at efficacious dose at the end effdtie (Hill et al. 2014).

Many of the probiotic products available in the ketrwould largely fail the end of
shelf life test, if they had to meet viable proliatount so as to claim for probiotic ben-
efit. Probiotic organisms have therefore only foumdespread application into fresh
foods, such as yoghurt and fermented milks, whiavehrefrigerated shelf life of few
weeks. However, today’s consumers need healthy ifoedrious formats (Chavez and
Ledeboer, 2007). For large-scale adoption, pratsatieed to be delivered via ambient,
long shelf-life food products. However, it is a tthage for the food researchers to de-
velop ways of protecting probiotic bacteria in anbéent shelf-life product. Storage
temperature, oxygen and residual moisture contéat agesult in loss of viability of
probiotics during storage in dried products. Inesrtb improve their viability during
storage, probiotic bacteria must be either embeddedprotective matrix or undergo
cell physiology maneuver or a combination of bdibgfore incorporation in the long

shelf-life dry products (Corcoran et al. 2004; Atzaet al. 2005).

Researchers have attempted a flurry of techniquésprove the viability of probiotic

bacteria during storage. These technologies include

1. Stabilization using drying or desiccation, sashfreeze drying, spray drying, fluid-
ized bed drying and vacuum drying or mixed/ tw@stieying process (Ananta et al.

2005; Simpson et al. 2005; Santivarangkna et &720



2. Encapsulation processes, such as emulsion tpas)iextrusion techniques and coa-

cervation (Hsiao et al. 2004; Mokarram et al. 2009)

3. Stabilization by manipulating the cell physgyo stress adaptation by heat stress,
osmotic stress, acid stress, optimization of gropfiase, cell harvesting conditions,
growth media and growth conditions (Van de Guchtale2002; Prasad et al. 2003;

Corcoran et al. 2004).

4. Optimization of storage and packaging cond#ion

To date, only drying/desiccation techniques havimegh popularity because of their
commercial availability (Hsiao et al. 2004). Alletldrying processes, used to embed
bacteria result in some loss of viability. In freedrying, this is due to ice crystal for-
mation and rupture of the cell membrane (Fonseeh 8004). In spray drying, the high
temperature results in the thermal inactivationhef cells (Ananta et al. 2005; Fonseca
et al; 2000, Teixeira et al; 1995). In contrastjdized bed drying uses mild tempera-
tures and therefore minimizes bacterial inactivat{®ayrock and Ingledew, 1997).
Fluidized bed drying has been widely used in thedpction of wine yeast, but has
found limited application in the production of cemtrated viable bacteria (Caron,
1995). However, a recent study showed that fludiized drying of the bacterial cells in
a dairy matrix improved the stability of probioti@ctobacillussp., with a viable cell
count of 100 million cells per gram of dried praiicgoowder after 52 weeks of storage

at 25°C (Nag and Das, 2011).

During the drying processes, the matrix composificerbohydrates, fat and protein)
and structure protects the bacteria against de¢sgocar storage stress, thereby main-
taining bacterial viability. Carbohydrates, sucHaadose used in the drying matrix, sub-

stitute the hydrogen bonded water in the head gregion of the phospholipid bilayers



present in the bacterial cell membrane (Lesliel.ef295, Morgan et al. 2005, Santi-
varangkna et al. 2008). In addition, the amorph@lessy) state of the carbohydrates,
during the drying process, imparts very high viggosvhich can act as a protective
encapsulation for the bacteria, limiting water amd/gen exchange (Morgan et al.
2006). Proteins can delay the crystallization gbohydrates to maintain the protective
glassy state (Haque and Ross, 2004; Adhikari &04l7). Similarly, fat may also delay
the crystallization of lactose (Kim et al. 2003; Wisen et al. 2002). Bacterial viability
during storage depends on the moisture contenthaihiturn, is influenced by the wa-
ter activity conditions during storage (Gunnin@ketl995; Hsiao et al. 2004; Miao et al.
2008). In order to maintain viability for long peds, the carbohydrate must remain in
glassy (non —crystalline) state, for example, @l1At higher water activity, water be-
gins to act as a plasticizer of the protective chyldrate glass and increases the molecu-
lar mobility. The increase in molecular mobilitystdts in crystallization, with instanta-

neous loss of bacterial viability during storagaed®et al. 2008).

1.2 Outline of the thesis

The way problems are conceived has a massive ingpatite technological approach
used to solve them. Neither the protective mechamisthe drying matrix nor the dry-
ing process of probiotics is as yet fully understgGhapter-2, literature review). There-
fore, a preliminary study (Chapter-3) was carried to link the use of matrix constitu-
ent, i.e. fat, protein and carbohydrate (lactosafy the decline in probiotic bacterial
(Lactobacillus paracase#31) viability, during fluidized bed drying andosage. The

finding suggests that whole milk powder (containprgdefined mixture of fat, protein
and lactose), may provide superior protection totdyéa during fluidized bed drying

and storage, compared to skim milk powder (prod@id lactose) or milk protein isolate



(protein). Moreover, water activity of the powdehsring storage played a key role in
determining probiotic viability counts. The studsopided additional information and
identified the drying matrix and storage water\attiselection for future experiments
(Chapter 4). Chapter 4 investigates the effectrghg technique (freeze drying, spray
drying, fluidized bed drying), moisture content amdter activity on the storage stabil-
ity of L. paracasein a whole milk matrix. Further, the experimentplexe why and
how structural differences in the matrix-bacterixtores, produced using different dry-
ing technologies, under different water activitprage conditions, influence bacterial
viability. The results suggest that fluidized beglinlg provided better protection to the
bacteria during storage, which was attributed tmws powder structure that reduced
the absorbtion of water. The lower absorption ofewaesulted in the maintenance of a

more rigid structure, which may limit molecularrisport, particularly of oxygen.

L. plantarumis known to accumulate large amount of mangandse, (which provides
protection to the bacteria against oxidative damage ability ofL. paracaseto main-
tain viability during long term ambient storage mag/ enhanced by the ability of mi-
croorganism to accumulate manganese, which maysadtee radical scavenger. To
investigate this hypothesis, Chapter 5 exploredewels of manganese accumulation in
L. paracaseduring early log-phase, stationary phase and baajgown in manganese
deficient medium. The results of this study indéchthat higher bacterial death was
observed during storage, when the manganese acatiomwvas lower (early log phase
cells and bacteria grown in manganese deficient Mi@8ium). Moreover, the drying
matrix, used for immobilization, was observed todedicient in manganese and hence

manganese could be used as a marker to visuaéizentbedded bacteria.



It was, therefore, of interest to study the changesociated with manganese during
storage at different water activity conditions, &pter 6). Electron spin resonance spec-
troscopy was used to identify and measure Mn (Bcges in intact.paracasei cells.
Mn spectrum of the bacteria was observed to hayseadesemblance with that of man-
ganese phosphate. ESR spectroscopy used in thenpsidy was unable to detect
whether there was Mn (lll) formation during storagesulting in increased bacterial
death. Moreover, there was an ambiguity over taee stnd form of manganese in bacte-
rial cells during storage. X-ray absorption spestapic analysis was carried out to un-
derstandn-situ speciation of manganese and to look for any chamdén oxidation
state during storage. No difference could be fountthe chemical state of Mn between
the embedded bacteria stored under different stonager activity conditions. The re-
sults also confirm the findings in Chapter 4 whstiggest fluidized bed dried powder
provided rigid structure compared to spray and theed powders which might play a
protective role by restricting molecular mobilitfhe storage conditions used in the
study and the changes to bacterial viability ofppmtc encapsulates do not alter the
oxidation state and speciation of Mn in a way tmaght be harmful for human con-

sumption.

The findings from this thesis suggest that usinglfzed bed drying, it may be possible
to produce dried probiotics in a milk powder matirat have adequate storage life to
provide health benefits to consumers. Further ingason and optimization of this

technology may lead to commercial products anday tme possible to extend this tech-

nology to a broad range of probiotics.



Chapter 2Literature Review

2.1 Background

This literature review covers the definition of pratics, their health promoting attrib-
utes. It explores the various stabilization streeghat pose promising potential for
incorporations of probiotics into food productsndlly, the literature review identifies
possible gaps in our knowledge and highlights thednfor further mechanistic under-

standing of how probiotics could be delivered inbgant shelf-stable products.

2.1.1 Definition of probiotics

The widely accepted definition of probiotic was msaged by Fuller (1992), in which he
stresses the significance of live cells as a rétguisr an effective probiotic. Probiotics
were defined as living microorganisms which whegested have beneficial effects on
the host by improving the physiological functiorfstioe intestinal microflora (Fuller,
1992). This definition was broadened by Havenadrtuis In’'t Veld (1992), in which
he refers probiotics to a “mono-or mixed culturelieé microorganism which benefi-
cially influences the man or animal by improving throperties of the indigenous mi-
croflora”. Tannock et al. (2000) later defined patizs as “live microbes which transit
the gastro-intestinal tract and in doing so benéft health of the consumer”. Expert
consultation of international scientist working bahalf of Food and Agricultural Or-
ganization of the United Nations and the World He&rganization reworked the pro-
biotics as “live microorganisms which when admiaistl in adequate amounts confer a
health benefit on the host” (FAO/WHO, 2001). Sirtben, it has become widely
adopted version of probiotic definition worldwidé/ith an increase the scientific evi-

dence of health benefits of probiotics, manufactuaenched several probiotic products



in market. However, the misuse of the term “prabidtas become a major issue before
food regulatory authorities. In order to reexamihe concept of probiotics and to re-
move inconsistencies between the FAO/WHO report@ndelines, International Sci-
entific Association for Probiotics and PrebiotitSAAP) meeting was held on ¥30c-
tober 2013. Expert panel recommended, for prabiatiood or supplement with a spe-
cific health claim, should contain (1) defined puadle strain(s) and have (2) proof of

delivery of viable strain(s) at efficacious doseatl of shelf-life (Hill et al. 2014).

2.1.2 Probiotics and health benefits

The health benefits associated with probiotics Hasen studied extensively over the
past century. In early 1900, the Russian NobeleRsimner, Elie Metchnikoff, observed
an increased life expectancy in Bulgarians who gorexl fermented milk products.
Later, he advanced the theory that the consumptidactic acid bacteria would mini-
mize intestinal putrefaction and prolong life (Meadoff, 1907). Overall, cultured milk
has become an integral part of diets because dfg¢hkh-promoting attributes associat-
ed with its consumption. There are several possitdes of action by which probiotic
bacteria provide health benefits to the host (Gaetaal. 2010) (Figure 2.1). These in-
clude suppression of pathogenic bacteria by produentimicrobial compounds and
competing for adhesion sites and nutrients andadibm of the microbial metabolism
by controlling enzymatic activity in the intestir{€uller, 1991). Further, probiotics
stimulate immunity by increasing T cell productiGdukam et al. 2008; Baron 2009)
and modulating cytokines, tumor necrosis faetorinterleukins, and interferons
(Borruel et al. 2002; Bai et al. 2006; Chen etG2a). Moreover, they inhibit the epi-
dermal growth factor receptor and insulin-like gtbvactors in tumor cells (Chen et al.

2009b). Finally, increased intestinal antibody amacrophage levels enhance the phag-



ocytic capacity of the blood leucocytes (Gill et2001). Thus, probiotics enhance pro-

tection against diseases.

Good probiotics should confer health benefits ® lilost animal. They should also be
nontoxic and nonpathogenic in nature. Further, teyuld be capable of surviving at
low pH and in the presence of the high concentnatiobile salts in the gastrointestinal
system (Fuller, 1991). In addition, they shouldst&ble under storage conditions and
should be easy to handle for industrial productiOnerall, possession of the above

properties will make the bacteria suitable for f@odi pharmaceutical applications.

From the 1990s to the present day, there has beteady accumulation of scientific
evidence that emphasizes the health benefits,dmduhe control of chronic diseases,
associated with the consumption of probiotics. Ingoaly, numerous experimental
studies have emphasized the potential protectieetsfofLactobacillusandBifidobac-

terium species (Thantsha et al. 2009; Kumar et al. 2@bd) their health benefits are

summarized in Table 2-1

2.1.3 Applications of probiotics and their market potahti

Probiotic bacteria are one of the top functiongradients and underpin some of the
most successful functional food brands in the woflde use of probiotics is limited
mainly to foods that are subjected to chilled disttion and storage because there are
currently few credible delivery technologies theg able to deliver probiotic bacteria in
shelf-stable foods. This establishes ‘delivery textbgy for probiotic bacteria in shelf-
stable foods’ as a significant opportunity of connoned importance because it will ex-
pand the current market for probiotics, which igneated to be approximately US$20
billion by 2020 (Sir6 et al. 2008). Scientists geatly agree and FAO/WHO guidelines

state that we need to consume between 100 milhdnlabillion live probiotic cells per
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day to realize their health benefits. However, agyaificant proportion of the bacterial

cells are destroyed during processing, storage gasttointestinal transit, ‘stabilization

of probiotic bacteria’ is an area of interest fesearch and development.

l

IL-10 o'
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Inflammation No inflammation cell L] epithelium

Figure 2-1 Potential mechanisms of actions of mtits (Gareau et al. 2010)
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Table 2-1 Selected studies showing the effectivienésarious strains of probiotic microorganismaiagt various diseases

Probiotic bacteria

Alleviation of disease symptoms

References

Bifidobacterium ani-

malis

Irritable bowel syndrome, Dental caries, Rotavi

diarrhea, Fever, Rhinorrhea, Colitis

rgBhuapradit et al. 1999; Caglar et al. 2005; Rautival.
2006; Wildt et al. 2006; Guyonnet et al. 2007; Lregkal.

2009)

Bifidobacterium bifi-

dus

Necrotizing enterocolitis

(Bin-Nun et al. 2005)

Bifidobacterium

breve

Irritable bowel syndrome, Respiratory infection,-F

fractory enterocolitis, Atopic dermatitis

RéKanamori et al. 2004; Saggioro 2004; Kukkonen let a

2008; Yoshida et al. 2010)

Bifidobacterium in

fantis

Irritable bowel syndrome, Necrotizing enterocoli

Diarrhea

igHoyos 1999; Corréa et al. 2005; Lin et al. 20091&ho-

ny et al. 2005; Whorwell et al. 2006)

Bifidobacterium lac-

tis

Constipation

(Puccio et al. 2007)
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Bifidobacterium Ulcerative colitis, Respiratory tract infection, i@o| (de Vrese et al. 2005; Furrie et al. 2005; Puct&l.€2007)

longum mon cold

Lactobacillus aci- Necrotizing enterocolitis, Irritable bowel syndromé¢Hoyos 1999; McLean and Rosenstein 2000; Gaon.et al
dophilus Bacterial vaginosis,Helicobacter pylori therapy,  2002; Xiao et al. 2003; Johnson-Henry et al. 2064g-
Glucose intolerance, Hyperglycemia, Hyperinsgioro 2004; Lin et al. 2005; Yadav et al. 2007; ¢egt al.

linemia, Dyslipidemia, Cancer, Fever, Rhinorrhea| 2009; Soltan Dallal et al. 2010)

Lactobacillus bulgar{ Crohn’s disease, Inflammatory bowel disease, CofBorruel et al. 2002Sengul et al. 2006; Makino et al.

icus mon cold 2010)

Lactobacillus casei | Crohn’s disease, Constipatiot]. pylori therapy,| (Kato et al. 1998; Tuomola et al. 1999; Gaon e803;
Arthritis, Glucose intolerance, Hyperglycemia, Hyoebnick et al. 2003; Tursi et al. 2004; Kanazawale
perinsulinemia, Dyslipidemia, Diarrhea, Atopic e@005; Sykora et al. 2005; Bu et al. 2007; Yadaal e2007;

zema Cukrowska et al. 2010)

Lactobacillus fer{ Bacterial vaginosis, Inflammatory bowel diseas@eran et al. 2006, 2007; Irvine et al. 2010)

mentum Colitis
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Lactobacillus gasser

Common coldH. pylori therapy, Asthma, Allergi

rhinitis

c (Ushiyama et al. 2003; de Vrese et al. 2005; Cheal.e

2010)

Lactobacillus  john-

sonii

H. pylori therapy, Cirrhosis, Atopic dermatitis

(Cruchet et al. 2003; Inoue et al. 2007; Gottelandl.

2008; Tanaka et al. 2008)

Lactobacillus para-

casei

Allergic rhinitis, Irritable bowel syndrome, Diah,

Atopic eczema, Urogenital infection

(Verda et al. 2004; Wang et al. 2004; Sarker e@05;

Zarate et al. 2007; Cukrowska et al. 2008)

Lactobacillus planta;

rum

Irritable bowel syndrome, Colitis

(Nobaek et al. 2000; Niedzielin et al. 2001; Scht al.

2002)

Lactobacillus reuterii

Colitis, Atopic dermatitis, Rotavirus diarrhe#.
pylori therapy, Infantile colic, Asthma, Gingiviti

HIV/AIDS

(Madsen et al. 1999; Mukai et al. 2002; Rosenfeldal.
52002, 2004; Forsythe et al. 2007; Anukam et al.826G-

rimi et al. 2009)

Lactobacillus rhams-

nosus

Atopic dermatitis, Bacterial vaginosis, Diarrhed,

pylori therapy, HIV/AIDS

(Reid et al. 2001; Urbancsek et al. 2001; Roseh&tidl.

2002, 2004; Anukam et al. 2008; Irvine et al. 2010)
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Lactobacillus rham{ Atopic disease, Antibiotic-associated diarrhea,aRp{Vanderhoof et al. 1999; Armuzzi et al. 2001; Kathaki
nosus GG virus gastroenteritigi. pylori therapy, Dental carieset al. 2001, 2003; Nase et al. 2001; Szajewsk& €08a1;

Ulcerative colitis pouchitis, Irritable bowel syn€remonini et al. 2002; Bruzzese et al. 2004; Maaotat al.

drome, Crohn’s disease, Cystic fibrosis 2004; Zocco et al. 2006; Gawiska et al. 2007)
Lactobacillus  sali{| Colitis, Arthritis, H. pylori therapy (Kabir et al. 1997; McCarthy et al. 2003; Sheiakt2004;
varius Peran et al. 2005)

Saccharomyces bou-Crohn’s diseasdl. pylori therapy, Diarrhea, Colitis,(Guslandi et al. 2000, 2003; Cremonini et al. 20B2¢n et
lardii Amoebiosis al. 2003; Mansour-Ghanaei et al. 2003; Duman €045;
Gotteland et al. 2005; Kotowska et al. 2005; Kutusyid

Koturoglu 2005; Villarruel et al. 2007; Hurduc et al. 2009
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Some of the established microencapsulation tecksidpave been able to improve the
survival of probiotic cells in simulated gastricifl and simulated intestinal fluid, but
improvements in their stability during ambient sipe have rarely been reported either
in academic research or in commercial developnierd.the lack of appropriate stabi-

lizing technology that restricts the use of proic®in shelf-stable foods.

2.2 Stabilization of probiotics

This review briefly discusses various approachasdhe taken to stabilize bacteria. The
most commonly used strategy is dehydration andpesudation in a protective matrix.

Optimization of the packaging and the storage doomh are also considered to be vital.
Other studies focus on manipulating the cell pHggip. These approaches are used

independently or in combination to improve the uigbof the bacterial cells.

2.2.1 Stabilization using desiccation/dehydration tecbgas

Drying is a valuable technology for the long termegervation of food materials be-
cause decreasing the moisture content slows dogvadtion of enzymes. Various dry-
ing technologies have therefore been used, withingrsuccess, to improve the stabil-
ity of bacteria. In particular, freeze drying, spirying, fluidized bed drying, vacuum
drying, and mixed/two-step drying processes for dtabilization of probiotic bacteria

have been studied in recent years and are discussethe detail below.

2.2.1.1 Freeze drying

Freeze drying is used extensively to preserve bickd materials, including bacteria,

yeasts, and sporulating fungi, for food and phaeutcal applications. It is based on
the principle of sublimation; the bacteria are &wzthen a vacuum is applied, and the

desiccation is carried out by sublimation (Sanawakna et al. 2007). The advantages
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of the freeze drying of bacteria include long vidpiduring storage and ease of trans-
portation. Some limitations are the high cost @ tiperation and difficulties in scaling

up and continuous processing (Santivarangkna 208ar).

The step in the freeze drying process that moktentes viability is the freezing of the
bacteria. The rate of cooling is a critical factadt.an optimum rate of cooling, the cells
do not lose water and reach the eutectic poinhiaraorphous state (Berny and Henne-
bert, 1991). If the cooling rate is too slow, watell be lost from the cells by osmosis,
dehydrating them and preventing freezing. If thésa#o not lose water quickly enough
to maintain equilibrium, intracellular formation e crystals will occur (Mazur, 1977).
Significant loss of bacterial cell viability aftéreeze drying has been attributed to the
formation of ice crystals on the cell surface, @sg in an increase in extracellular os-
molality, thus leading to dehydration of the cglwler and Toner, 2005), loss of
membrane integrity, and denaturation of macromaésc(Franks, 1995; Thammavongs
et al. 1996; De Angelis and Gobbetti, 2004). Foasgal. (2000) have reported that the
size and the shape of the cells are importantriaita their survivability; enterococci
(cocci) are more tolerant than lactobacilli (rodsause the membrane damage that is
caused by extracellular ice crystal formation dgirfreeze drying is reduced. Loss of
viability has also been attributed to peroxidatodrihe membrane lipids (Brennan et al.
1986; Linders et al. 1997a) and destabilizatiothef DNA and RNA secondary struc-
tures. The recovery rate for freeze dried cultwaas be as low as 0.3% (Abadias et al.

2001).

The technology to protect bacterial cells durirgpfte drying is known as cryopreserva-
tion and the compounds used to achieve this pioteere called cryoprotectants or

cryoprotecting agents (CPAs). The addition of CR®r to fermentation or drying
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helps the probiotic cells to adapt to the changadrenment. The CPA accumulates
slowly within the bacterial cells, which helps &duce the osmotic pressure difference
between the inside and the outside of the cellss(Keal. 1996; Meng et al. 2008). The
CPA can be added either to the growth medium din¢adrying medium, and its action
varies with different bacterial strains. Howeveertain general compounds, such as
nonfat milk solids, lactose, trehalose, glycer@taine, adonitol, sucrose, glucose, and
dextran, are regarded as being suitable CPAs foyrepecies (Hubalek, 2003; Morgan

et al. 2006).

The protection mechanism can be better understpatalsifying CPAs into two broad
groups: (i) amorphous-glass-forming salts andd(ijectic-crystallizing salts. The first
group, comprising carbohydrates, proteins, andmelg, acts by imparting very high
viscosity at the glass transition, thereby restrgcthe molecular mobility of the cells.
Most of the successful CPAs for probiotic bactdalh into this group. The second
group contains certain eutectic salts that tenzhystallize as the temperature approach-
es the freezing point; however, instead of progdpmotection, they have sometimes
been reported as being detrimental to the cell manas (Orndorff and MacKenzie,

1973; Morgan et al. 2006).

CPAs are sometimes classified in a slightly diffén@anner into three groups: (i) high-
ly permeable compounds such as monovalent alcoboiéges, and sulfoxides, (ii)

slowly permeable compounds such as glycerol, apa{inpermeable compounds such
as mono-, oligo-, and polysaccharides, sugar alsplpooteins, and polyalcohols. Per-
meable CPAs bind the intracellular water and prewdhydration. Non-permeable

CPAs form a layer on the cell surface, thus allgypartial outflow of water from the
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cell body, reducing the toxic effect of salts, timyg excessive growth of ice crystals,

and maintaining their structures (Hubélek, 200Zr&la et al. 2005).

Trehalose and sucrose have been found to be exc€lRAs against dehydration stress
by acting as stabilizers of membranes and protaiasreplacers of water from the mac-
romolecular structures (Rudolph and Crowe, 1985rddn et al. 2006). Conrad et al.
(2000) demonstrated the high cryoprotective efficieof trehalose; a high survival of
Lactobacillus acidophilugells during freeze drying was achieved, prob#&ggause of
the high glass transition temperatufg) of trehalose. Compounds with a hifip can
remain relatively immobile at higher temperaturad aan help to produce a more sta-
ble freeze dried matrix (Crowe et al. 1996; Sun &avidson 1998; Morgan et al.
2006). Trehalose is also regarded as a good CPaubedt can form dihydrate crystals,
which leaves the remaining matrix as a glass ard dot reduce th&g or the stability

of the matrix (Crowe et al. 1998). Trehalose anctase were shown to be very effec-
tive CPAs wherkscherichia colDH5 alpha andBacillus thuringiensisiD-1 were sub-
jected to freeze drying (Leslie et al. 1995). lotlwer recent study, trehalose, sucrose,
and sorbitol were used as CPAs for lactobacilli androse was found to be the best
agent among the group (Siaterlis et al. 2009). Hewnein one experiment, trehalose
achieved a poorer result than the control samplenwlsed in media prior to air drying

(Linders et al. 1997b).

Lactose is another popular CPA, has been showretmare effective than glycerol
(Chavarri et al. 1988), and has been found to bectfe for certain species, such as
Lactobacillus lactis Escherichia coli Lactobacillus delbrueckiiand Saccharomyces
cerevisiag moderately effective foBtreptomyces tenebrariuand completely ineffec-

tive for Spirulina platensigHubalek, 2003). Lactose, and a few other sugbstsates,
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has been added to the growth medium lfactobacillus delbrueckijiresulting in a
marked improvement in post-drying survival, storagjability, and thermotolerance

(Carvalho et al. 2004).

2.2.1.2 Spray drying

In the spray drying process, the atomized liquislilsjected at high pressure to hot air at
temperatures up to 200°C and with an outlet tentyperaf above 80°C. This results in
the evaporation of moisture after a very short sxpe. The production of probiotics by
spray drying is advantageous because it is costtefé from an operational point of
view, is easy to scale up, is less time consunthiag freeze drying, and is a continuous
operation with a high production rate (Knorr, 1998pwever, as probiotic bacteria are
heat-sensitive microorganisms, they are inactivdtedbjected to the high temperatures
used in the conventional drying process, which dhgerse effects on their viability
and, in turn, a negative impact on their viabiltyd stability during storage (Gibbs et al.

1999; Kailasapathy, 2002; Madene et al. 2006).

In efforts to reduce cell death during spray dryi@gampagne and Fustier (2007) opti-
mized the inlet and outlet temperatures using abdoeation of spray drying and fluid-
ized bed drying to minimize the heat shock andaut@ptation of the bacteria to the heat
stress prior to drying. Recent studies to obtaghéir viability have focused on control-
ling the outlet air temperature (Table 2-2). Howel@wer outlet air temperatures result
in powder with a high moisture content, which letasell death on storage (O’Riordan
et al. 2001). Another major limitation of spray uhty is the limited choice of shell ma-
terials. The shell material has to be water solfimMespray drying to take place, causing
immediate release of the core material in the agsi@edium so that controlled release

cannot be achieved.
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Success of spray drying for encapsulation of pitidscdepends on the bacterial strain
used as well as the encapsulating material userio@lan et al. (2001) used spray dry-
ing technology to coaBifidobacteriumcells with starch. There was no significant ad-
vantage of microencapsulation during acid exposmek storage, but milder spray dry-
ing parameters resulted in less than a 1.0 logctemuin cell viability. Favaro-Trindade
and Grosso (2002) found thaifidobacterium lactiscells were highly resistant to spray
drying conditions, with negligible reduction in tiéity at an inlet temperature of 130°C
and an outlet temperature of 75°C. In contrasthersame study,.actobacillus aci-
dophiluscells showed a 2.0 log reduction under similafrdyyconditions. The encapsu-
lating medium used in this study was cellulose a&eephthalate and very good patrticle
morphology with no pores on the surface was acklieleanother study to protelcac-
tobacillus paracaseduring spray drying, Desmond et al. (2002) inwggted the encap-
sulating effect of gum acacia. Cells were growrbath 10% gum acacia and 10% re-
constituted skim milk as a control. The cells estégted in gum acacia survived 10
times better than the controls, even at a highebtémperature of 95°C, the viability
during storage at 4°C was improved 20 fold, andstiveival during gastric juice incu-
bation was 100 fold higher. The loss of viabilitga depends on the type of carrier
used. For example, the log reduction in viabilitasafound to be higher in soluble
starch than in other carriers, such as gelatin, guabic, and skim milk (Lian et al.
2002; Santivarangkna et al. 2007). Picot and Lac(@D03, 2004) used a modified
spray drying process involving a coating of milk &d denatured whey protein isolate
in an attempt to reduce the loss of viability dgrgpray drying. The micronized freeze
dried cultures were coated during spray dryingiamas concluded that this would be a

suitable method to scale up industrially and &l economical.
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Bacteria Inlet  air| Outlet Matrix Storage conditions | Study findings Reference

tempera- | air tem-

ture (°C) perature

(°C)
Bifidobacterium 60 Starch Screw-capped glagsStarch  encapsulation did  nofO'Riordan et
PL1 50 bottles at 19-24°Cprovide protection during storageal.
for 20 days Inlet and outlet temperatures pf
(2001)
100 45 100/45°C resulted in less than 1 log
>120 60 reduction after drying
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Bifidobacterium 175 85-90 Skim milk| Polythene bags arjHigh initial survival following spray (Simpson et al.
spp. (30 strains) aluminum-coated | drying; storage at 4°C maintained v|&2005)

paper bags at 4, 19oility; increased viability loss at 25°C.

and 25°C for 90 The heat and oxygen tolerance varjed

days among closely related species
Lactobacillus bul-| 200 70 Skim milk | Hermetically sealed The ratio of unsaturated fatty acids|t(leixeira et al.
garicus glass bottles, con-saturated fatty acids1996)

trolled water activi-{ decreased during storage as a conse-

ty of 0.11 at 20°C | quence of lipid oxidation
Bifidobacterium 100 50-60 | Gelatin, NA Increase in outlet air temperature rékian et al.
longum starch, sulted 2002)

skim milk in increased death irrespective of the

powder,

carrier used
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and gum

arabic
Bifidobacterium 160 65 Emulsion | Open  containers,Microencapsulation protected théCrittenden et
infantisBb-02 containing | 25°C and 50% rela-viability of bacteria upon storage (>al. 2006)
caseinate, | tive humidity | 106 fold) and during simulated gastro-
fructo- for 5 weeks intestinal
oligo- transit
saccha-
rides, dried
glucose
syrup, re-
sistant
starch
Bifidobacterium 70 47 Pectin and Closed glass vials| 7 Lactobacillus aatidus was more (Oliveira et al.
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lactis BI-01
and Lactobacillus

acidophilus

casein

and 37°C, wate

activity of 0.65

rviable than Bifidobacterium lactis

both temperatures

h2007)
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2.2.1.3 Fluidized bed drying

Fluidized bed drying has been widely used in tharpiaceutical industry. It was origi-
nally developed for rapid drying but its presenplagations include granulation, ag-
glomeration, air suspension coating, rotary pel&ton, and powder and solution layer-
ing. In fluidized bed drying, air travels upwarddbgh the bed of particles with suffi-
cient velocity to provide fluid-like behavior, atite freely suspended particles in the air
stream are dried by rapid heat exchange and massfér. The major advantages of
fluidized bed drying are its relatively low opematal cost and the high post-drying via-
bility because of the mild heating conditions.rtigjor limitations are the irregular par-
ticle size, the stickiness, the agglomerated gasgjcthe slow drying rate (Santi-
varangkna et al. 2007), and the uneven distribugforells in the nonliquid food matrix
(Santivarangkna et al. 2007). Fluidized bed dryag been used commercially in the

production of baker’s yeast and wine yeast (Cat@85).

A limited number of studies on the fluidized begidg of probiotic bacteria and lactic
acid starter cultures have been carried out (Saraingkna et al. 2007). In most, the
bacteria were entrapped or encapsulated in a gertairix before being dried. Linders
et al. (1997c) dried.actobacillus plantaruncells that were granulated to pellets using
potato starch as the support material. Selmer-Gdsexh (1999) embeddddactobacil-
lus helveticusells in calcium alginate gel beads, which werentHuidized bed dried.
Mille et al. (2004) fluidized bed driedactobacillus plantarunandLactobacillus bul-
garicus with the bacteria being uniformly mixed with caspowder before drying. It
was found that the bacterial viability was influeddy the water activity of the casein
powder; a lower water activity resulted in an ims®ed loss of viability during drying.

Strasser et al. (2009) sprayed a concentratedlioggterial cell suspension on to fluid-
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ized powdered cellulose carrier material. They olesk that the addition of protective
carbohydrates, such as sucrose and trehalose npedve decline in the cell viability of

Lactobacillus plantarunandEnterococcus faeciuuring fluidized bed drying.

2.2.1.4 Vaccum drying

Vacuum drying is used to preserve heat-sensitiwetional ingredients such as vita-
mins, enzymes, and bacteria, because the proceasrisd out at low temperature and
under reduced pressure. The major advantages atiracrying are the high drying

rate, the low drying temperature, and the absehoaygen. The main disadvantage is

the longer drying time compared with fluidized ligling (Santivarangkna et al. 2007).

There have been only a few studies on the vacuymglof probiotic bacteria. Vacuum
drying has usually been applied together with othiging processes to increase its ef-
fectiveness. King and Su (1994) driedctobacillus acidophilusising freeze drying,
vacuum drying and the low temperature vacuum dryifge survival ratio from the
vacuum-drying (plate temperature, 40-45°C) waslowo for the process to be applied
in culture preservation. Controlled low temperatuaeuum drying (plate temperature, -
2°C to 2°C) resulted in survival ratio close tottram freeze drying. The powder pro-
duced from low temperature vacuum drying had caseeming, shrinkage and poor

rehydration properties.

2.2.1.5 Mixed or two step drying process

In mixed or two-step drying processes, two or mamgng systems are combined to
minimize cell injury and to improve the bacterigility. Simpson et al. (2005) found
that the combination of spray drying and fluidizeztl drying improved the viability of

Bifidobacteriumspp when powders were stored at 25°C. Wolff f18190) found that a

combination of vacuum drying and freeze drying wast suited to the dehydration of
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concentrated suspensions&tfeptococcus thermophilushe survival rate was higher
in the vacuum freeze drying process (3.5 X' OFU/g) than in the atmospheric freeze

drying process (1.7 x 1bCFU/qg).

2.2.2 Stabilization by encapsulation process

Microencapsulation generally refers to the proagisstabilizing an active substance
(core) by enclosing it within a physical barrien€fl). The shell consists of either a con-
tinuous coating film or a solid wall material, whican release the core at a controlled
rate under the direction of specific environmerghlfts (Dziezak, 1988; Anal and
Singh, 2007). Encapsulation technologies have messful applications in the food
industry, including stabilizing the core materig¢straining oxidation, providing pro-
longed or regulated release, concealing flavorgrspor odors, improving shelf life,
and preventing nutritional loss (Anal and SinghP20 The technologies have been
extended to encapsulate probiotic bacteria suadgssfesulting in enhanced viability
of the bacteria by providing protection againstissnmental stresses (oxygen, acidity
in the stomach), facilitating the handling of celend allowing controlled dosages
(Rokka and Rantamaki 2010). Various types of bipper materials, such as starch,
dextrin, and whey proteins, have been used asribapsulation matrix for probiotic
bacteria. Table 2-3 summarizes the published relseduring the last decade on the

encapsulation of probiotic bacteria.



Table 2-3 Summary of published research over ttedieacade on the encapsulation of probiotic bacteri
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Encapsulating materia

Types of bacteria encaps

lated

uProduct applicatior

studied

1 Research findings

Reference

Alginate Lactobacillus  acidophilug NA Improved survival in artificial gas-(Kim et al. 2008)
(ATCC 43121) tric juice, artificial intestinal juice},
and heat treatment
Alginate Lactobacillus casei Ice cream Improved survival in ice cream(Hsiao et al. 2004)
during storage over a 3-month peri-
od
Alginate Escherichia colGFP+ NA Showed improved survival of thgSong et al. 2003)

encapsulated bacteria; also usefu

delivering viable bacteria to th

intestine

[ in

e
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Alginate Lactobacillus  acidophilug NA Effective protection of the bacterigChandramouli et
CSCC 2400 in simulated gastric conditions andl. 2004)
bile salt. Increasing the alginate
coating increased the bacterial sur-
vivability
Alginate Lactobacillus casei YIT | NA Improved viability in simulated (Song et al. 2003)
9018 gastric acid, intestinal juice, simu-
lated bile conditions, and storage| at
room temperature, 4°C, and 23°C
for 6 weeks
Alginate Lactobacillus reuteri Fermented sausagimproved the viability after pro-(Muthuku-

(ATCC 55730)

es

cessing of the dry fermented sé

sages

\wmarasamy and Hol-

ley, 2006)
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Alginate

Lactobacillus case

(NCDC-298)

NA

Increasing the alginate concent

rdMandal et al.

tion improved the viability of bac-2006)

teria in simulated gastric pH and

intestinal bile salt solution and the

survival of encapsulated cells after

heat treatment

Alginate

Lactobacillus  acidophilug
LA-5 and Bifidobacterium

bifidumBB12

5 White-brined

cheese

Microencapsulation increased t

heOzer and Avni

viability counts of probiotic bacte-Kirmaci, 2009)

ria during 90 days of storage

brine solution. However, no signif

in

cant increase in the proteolytic gc-

tivity was observed because of the

restricted release of proteases ;
peptidases from the capsules dur

ripening

and

ng
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Alginate Lactobacillus  acidophilus Iranian yogurt milk| Improved the viability of probioti]‘, (Mortazavian et al.
LA-5 and Bifidobacterium| (doogh) bacteria in refrigerated storage 1a2008)
lactis BB12 42 days

Alginate Lactobacillus  acidophilus Yogurt Improved the viability in simulated(Sultana et al.
2409 and Bifidobacterium high gastric conditions, in high bile2000)
infantis 1912 andLactoba- salt conditions, and during storage
cillus casei2603 for 8 weeks

Alginate Lactobacillus  acidophilus NA Double coating in alginate im-(Mokarram et al.
PTCC 1643, Lactobacillus proved the viability in simulated2009)
rhamnosu$?TCC 1637 gastric juice and simulated intesti-

nal juice
Alginate Lactic acid bacteria NA Improved the viability in the simy-(Ross et al. 2008)

lated gastric conditions
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Alginate Lactobacillus  acidophilug NA Improved the survival of cells afteSabikhi et al.
LA-1 heat treatment, homogenizatiqr2010)
high sodium chloride concentration,
low pH, and high bile salt concep-
tration
Alginate Bifidobacterium  animalis NA Improved the survivability during(Gonzalez-Sanchez
subsplactis BB12 exposure to nisin and simulatedt al. 2010)
gastric juice; refrigerated storage|at
4°C for 28 days
Alginate Lactobacillus  acidophilus Kasar cheese Improved the viability during stor-(Ozer et al. 2008)
LA-5 and Bifidobacterium age for 90 days
bifidumBB12
Alginate Lactobacillus caseiLc-01) | Ice cream Improved the survivability during(Homayouni et al.

and Bifidobacterium lactig

storage at —20°C for 180 days

2008)
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(BB12)

Alginate

Lactobacillus

(ATCC-314)

acidophilus Yogurt

Encapsulated Lactobacillus aci-
dophilus suppressed the inciden

of colon tumor

(Urbanska et al.

£2007)

Compressed Alginat

eLactobacillus

acidophilus NA

Improved the viability on storage

a{Chan and Zhang,

and Hydroxypropyl (ATCC 4356) 25°C for 30 days. The cell viability2002)
cellulose decreased with the compression
pressure
Alginate and Poly-L{ Lactobacillus rhamnosiys NA Protected the probiotic bacterialDing and Shah,
lysine and Palm oil Bifidobacterium longum from acid and bile salts. Poly-1.-2009a, 2009b)
Lactobacillus salivarius lysine provided better protectign
Lactobacillus  plantarum than alginate under acidic condli-
Lactobacillus acidophilus tions

Lactobacillus

paracase
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Bifidobacterium lactis BI-
04, and Bifidobacterium

lactis BI-07

Alginate—chitosan

Lactobacillus  acidophilug

(ATCC-314)

5 Yogurt

Served as a suitable carrier 3
protected the bacteria in simulat
gastric fluid and simulated intesit

nal fluid

ndrbanska et al.

e2007)

Alginate-coated matri

and whey protein

Lactobacillus plantarum

(Lp299v, LpA159, Lp800)

NA

Whey protein coating of alginat
beads significantly improved th
viability of the bacteria in simulat

ed gastric and intestinal fluids

gGbassi et al. 2009)

e
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Alginate—gelatin

Lactobacillus caseiATCC

393

NA

Relative humidity had a minor ef{Li et al. 2009)

fect on the characteristics of the

microcapsules. Improved viability

of the encapsulated cells in simu-

lated gastric fluid and simulated

intestinal fluid

Alginate—poly-L-

lysine—alginate

Lactobacillus plantarun80

NA

Showed the effectiveness of thé.ian et al. 2003)

coating in a simulated human gas-

trointestinal medium

Alginate, N-Tack, N-

Lok, and Hylon VII

Lactobacillus acidophilus

NA

Improved the viability on refriger- (Goderska

and

ated storage for 4 weeks. Fluidiza=zarnecki, 2008)

tion was found to be the most effec-

tive process
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Alginate, Poly-L-

lysine, Chitosan

Lactobacillus  acidophilus NA
547, Lactobacillus caseD1

andBifidobacterium bifidum

Provided the best protection far
acidophilusandL. caseiin bile salt
solution, simulated gastric juic
and intestinal juice with or withot
chitosan B. bifidumdid not survive
in the acidic conditions prevalent

the stomach

(Muthuku-
marasamy and Hol-
eley, 2006)

t

n

Alginate, Poly-L-

Lysine, Chitosan, an

dCSCC 2400 or CSCC 2409

Lactobacillus  acidophilus Yogurt

Improved the survival of the bact

ria in vitro under acidic and bil

etlyer and

eKailasapathy, 2005)

Prebiotics salt conditions and in storage of the

yogurt for 6 weeks
Alginate, k- | Bifidobacterium bifidunand| White-brined Encapsulation improved the viabjl{Ozer et al. 2009)
Carrageenan Lactobacillus  acidophilus cheese ity of the probiotic cells in the

LA-5

cheese during ripening
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Alginate/Alginate +| Lactobacillus reuteri 1063| NA Greater protection in simulatedMuthuku-
starchk-Carrageenan +(ATCC 53608) gastric juice and simulated bilenarasamy and Hol-
locust bear juice by both extrusion and phasky, 2007)
gum/Xanthan gum + separation
gellan gum
Algi- Bacillus polyfermenticus NA Improved survival in artificial gas-(Kim et al. 2006)
nate—methylcellulose | SCD tric juices and artificial bile salt
Alginate—chitosan Bifidobacterium  animalis NA Improved the controlled release |ofLiserre et al. 2007)

subsp. lactis bifidobacteria in simulated gastrjc

juice

Alginate—pectin Lactobacillus caselilB C81 | Yogurt Encapsulation of beads with algi(Sandoval-Castilla

nate and pectin blends in 1:4 anet al. 2010)

1:6 ratios improved the viability i
simulated gastric juice, in bile sé

solution, and during storage for !

N

alt

20
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days at 4°C

Bacterial cellulose
Nata, Calcium alginate

Skim milk

Lactobacillus bulgaricus NA

,NCIM2056, Lactobacillus
plantarum NCIM 2083,
Lactobacillus  delbruecki
NCIM 2025, Lactobacillus
acidophilus NCIM 2902,
and Lactobacillus case

NCIM 2651

Bacterial cellulose as a CPA a
immobilization support for probi
otic lactic acid bacteria. Storag

study at 4 and 30°C for 60 days

n(Dagannath et al.
-2010)

je

Chitosan—alginate

Lactobacillus bulgaricus

NA

Improved the survival in simulatg
gastric juice and during refrigerats

storage at 4°C

dShima et al. 2006)

>d
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Gelatin, Gum arabig, Bifidobacterium longunB6 | NA Increased the viability of the mj-(Lian et al. 2003)
Soluble starch, andandBifidobacterium infantig croencapsulated cells in simulated
Skim milk CCRC 14633 gastric juice and bile solution
Gellan-alginate Bifidobacterium bifidum NA Improved the protection during(Chen et al. 2007)
pasteurization and in simulated
gastric juice
Genipin—gelatin Bifidobacterium lactiBB12 | NA Increasing the genipin concentraAnnan et al. 2007)
tion improved the stability in simy-
lated gastric juice. The presence|of
the gastric enzyme pepsin reduged
the bead stability
Hexaglyceryl conq Lactobacillus acidophilus NA The inner phase volume ratio an(Shima et al. 2006)

densed ricinoleate

(JCM1132)

the median diameter of the oil dro

lets affected the viability in simu

p_
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lated gastric juice

Hydrolyzed potatqg Bifidobacterium longun2C, | Fermented andEncapsulation in cocoa butter imfLahtinen et al.
starch and Cocoa butBifidobacterium longuni6, | nonfermented ogtproved the culturability wherea2007)

ter Bifidobacterium adolescen-drink hydrolyzed potato starch had nho
tis VTT, and Bifidobacte- effect when stored for 4 weeks

rium lactisBB12

Maize starch BifidobacteriumPL1 Commercial muesli Acid tolerance assay and storage (®'Riordan et al.
preparation and dryfood for 14 days. Advocated thag2001)

malted  beveragemodified starch is not suitable for
powder the encapsulation of probiotic bac-

teria
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Pectin starch, Gelatin,Lactobacillus reuteri(DSM | Apple juice Encapsulated material. Determine@Weissbrodt  and
and Starch 20016) the process stability and the storagéunz, 2007)
stability at 5°C for 120 days in sim-
ulated gastric juice
Rennet-gelled milk Lactobacillus paracasei NA Improved the bacterial survival [n(Heidebach et al.
protein subsp. paracasei F19 and simulated gastric conditions bp2009a)
Bifidobacterium lactiBB12 cause of the buffering action of the
protein
Sesame oill Lactobacillus  delbrueckil NA Improved the viability of the bacte-{(Hou et al. 2003)

subsp. bulgaricus

ria in simulated high acid gastr
conditions and simulated bile si

conditions

c

alt

Sodium alginate an

Hydroxypropylcellu-

dLactobacillus  acidophilus

(ATCC 4356)

5 NA

Improved the survival in simulatg

gastric fluid

dChan and Zhang,

2005)
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lose

Supercritical carbon Bifidobacterium longunBb- | NA Improved the survival of bacteria J{Thantsha et al.
dioxide interpolymer 46 simulated gastric and intestinal flu2009)

complex ids

Transglutaminase- Lactobacillus paracasei NA Provided protection in simulatedHeidebach et al.

induced casein gel

subsp. paracasei F19 and

Bifidobacterium lacti8B12

gastric juice without pepsin

2009D)

Transglutaminase-

induced casein gel

Lactobacillus
subsp. paracasei F19 and

Bifidobacterium lacti8B12

paracasei

Improved the viability during stor
age at 4 and 25°C for 90 days at

and 33% relative humidity

-(Heidebach et al.

?D10)

Whey protein isolate

Lactobacillus rhamnosu

RO11

sSemisweet biscuits
refrigerated vege
table

juice, ang

frozen fruit juice

,Protected the cells during a sh
-heat treatment. Storage of the pre

uct for 3 weeks

pD(Reid et al. 2007)

nd-
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Whey protein—pectin

and alginate

1 Bifidobacterium

RO71

bifidum

NA

Improved the viability in simulate
gastric conditions and simulate

high bile salt conditions

d(Guérin et al. 2003)

>d
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2.2.2.1 Encapsulating materials

Microencapsulation in tailored carriers composednohtoxic biopolymers provides
mechanical protection and allows probiotic micr@mgms to be used in several food
products. The encapsulating material serves twamianctions: (i) to provide a defi-
nite physical structure for delivery in the foodssms and (ii) to protect the living cells
during harsh processing, during storage, and inalepH environment in the stomach
(Ding and Shah, 2009a, 2009b). The materials tfeatreost commonly used for probi-
otic encapsulation are (i) polysaccharides — caeagn and alginate (extracted from
marine algae), starch and its derivatives, andebb@attexopolysaccharides such as gel-
lan gum and xanthan gum, (ii) proteins such asicagey protein (milk proteins), and
gelatin, and (iii) fats and oils such as cocoadutsesame oil, and hexaglyceryl con-

densed ricinoleate. Brief discussions on each &yperesented below.

2.2.2.1.1 Polysaccharides

2.2.2.1.1.1 Carrageenan

k-Carrageenan is a natural polysaccharide that dema of repeating sulphated galac-
tose units and 3,6-anhydrogalactose, which areegbitmgether by alternating-(1,3)
andp-(1,4) glycosidic linkages. It is extracted fromd mmarine algae and is commonly
used as an emulsifier in food products. The galatibcarrageenan is a temperature-
dependent process that is induced by temperatamegels. Embedded beads are formed
by dispersing a suspension of cells and a heatizter polymer mix into a warm or-
ganic phase (40-45°C) and gelation occurs by cgatimoom temperature (Audet et al.
1988). The beads are seasoned by soaking in patassiloride solution. The potassi-
um ions stabilize the gel and prevent swelling; éeev, potassium chloride affects the

growth of lactic acid bacteria (Audet et al. 198@preover, the addition of locust bean
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gum tok-carrageenan, especially at a ratio of 2:1, impsowe rigidity (Miles et al.
1984; Audet et al. 1990). There is a synergistieraction betweer-carrageenan and
locust bean gum, which improves the rheologicapprbies of the resulting gel (Miles
et al. 1984; Arnaud et al. 1988 a, 1988 b). Doleyteal. (2002a, 2004) demonstrated
continuous production of a mixed cultuBif{dobacterium longurmand Lactococcus

diacetylacti that was embedded «acarrageenan and locust bean gum gel beads.

2.2.2.1.1.2 Alginate

Alginate is a linear heteropolysaccharide of 1-rkéid 3-D-mannuronic acid and-L-
guluronic acid residues, which varies in compositiased on the source of extraction
(Smidsrod and Skjak-Braek, 1990). Microencapsufatio calcium alginate beads for
drug delivery systems, enzyme immobilization, andhunoprotective containers in cell
transplantation has been investigated. Entrapmeéhtcalcium alginate beads has fre-
guently been used for the immobilization of lacwd bacteria because of the simple
method of immobilization and the advantage of beaingtoxic to cells. Gel formation
occurs when in contact with calcium and multivaleations (Prevost and Divies, 1992;

lyer and Kailasapathy, 2005).

Compared with free cells, encapsulating bacterialginate beads increased survival
during heat treatment, during homogenization, gl lsiodium chloride concentration, at
low pH in simulated gastric juice, at high biletsadncentration in simulated intestinal
fluid, and during storage (Song et al. 2003; Maredall. 2006; Ross et al. 2008; Mokar-
ram et al. 2009; Gonzalez-Sanchez et al. 2010kBaéi al. 2010). Furthermore, sever-
al researchers have shown improved viability ofratg-encapsulated cells in ice cream

(Homayouni et al. 2008), cheese (Ozer et al. 20089; Ozer and Avni Kirmaci 2009),
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yogurt (Sultana et al. 2000; Urbanska et al. 2007@pian yogurt milk (doogh) (Mor-

tazavian et al. 2008), and fermented sausages (Mutharasamy and Holley, 2006).

Gasergd et al. (1999) observed that the presencalcifim-chelating agents such as
phosphate, citrate, and lactate or non-gellingoaatisuch as sodium and magnesium
destabilizes calcium alginate gels. Alginate cagsbr microcapsules) are stable at low
pH, but swell in weak basic solutions followed hgidtegration and erosion (Lee et al.
2003). Alginate polycation membranes have been tmedncapsulation in an attempt
to overcome the limitations of uncoated alginateinanes. They provide the added
advantage of increased membrane strength and ikchareneability (Gasergd et al.
1999). Liserre et al. (2007) studied alginate—@atobeads for their controlled release
of Bifidobacterium animalisn simulated gastric juice. Muthukumarasamy andldyo
(2006) found that encapsulationladctobacillus acidophilusindLactobacillus casein

an alginate—chitosan membrane provided protectyamat artificial gastric and intesti-
nal juices. lyer and Kailasapathy (2005) and Urkaret al. (2007) studied the micro-
encapsulation of.actobacillus acidophilusn an alginate—chitosan membrane and its
application in yogurt. They reported that the @armnatrix could protect bacteria in
simulated gastric fluid, in simulated intestinalifi, and under refrigerated storage at
4°C. Other combinations with alginate that havenbewestigated are alginate—pectin
(Sandoval-Castilla et al. 2010), alginate—whey @rot(Gbassi et al. 2009), algi-
nate—gelatin (Li et al. 2009), alginate—hydroxyprogellulose (Chan and Zhang,

2002), and alginate—gellan gum (Chen et al. 2007).

2.2.2.1.1.3 Starch and its derivatives
Starch is the storage form of carbohydrate in glaihis composed of amylose, a linear

polysaccharide, and amylopectin, a branched chaiymer. Amylose consists of D-
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glucopyranose residues and is joinedab§l,4) linkages. In native starches these link-
ages are resistant to pancreati@mylases but are easily degraded by the colorgoomi
flora, which makes them useful for the deliverybidactive compounds in the colon.

Starch also offers the additional advantage ofdeheap and readily available.

Native starch can easily be modified to remove somis unsuitable characteristics
that limit its application. Starch is modified bytrioducing a chemical substituent (hy-
drophilic or hydrophobic) via a reaction with thgdnoxyl groups in the starch mole-
cule. Resistant starch is a type of modified stainet is not digested in the small intes-
tine and reaches the colon, where it is used bydhenic microflora to produce short
chain fatty acids (Goiii et al. 1996; Anal and Singb07). High amylose corn starch
containing 20% resistant starch has been founcetsuttable for enteric delivery (Di-
mantov et al. 2004) and the addition of resistéatch to an encapsulation matrix has
been found to improve the viability afactobacillus case(Sultana et al. 2000) and

Bifidobacterium lactigHomayouni et al. 2008).

2.2.2.1.1.4 Gellan gum and xanthan gum

Gellan gum is an anionic bacterial exopolysaccleatitht is derived fronSphingo-
monas elodealt is a linear tetrasaccharide, with a 500 kDakbane of |»3) Glc
(B1—4) GIcA (31—4) Glc-(31—4) L-Rha 1—], where Glc is glucose, GIcA is glucu-
ronic acid, and Rha is rhamnose, with side groumssisting of O-acetyl and L-
glycerate substituents (Pollock, 1993). Its funadility depends mostly on the degree of
acylation and its constituent ions. Its most unifuection is its ability to hold small
particles in suspension without increasing its essty significantly (Baird and Pettitt,
1991). Also, gellan gum is not easily degradedhgyaction of enzymes (Baird and Pet-

titt 1991; Lee, 1996) and is resistant to an aadhicironment (Sun and Griffiths, 2000).
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Gellan gum forms very firm and brittle gels but teedasily in the mouth, releasing wa-
ter and any flavor from its gel network (Sun andffiéns, 2000). Although gellan gum

itself is able to form good microcapsules wheneagklh the presence of calcium ions,
this process needs a preheating of up to 80°C foSanderson, 1990), which is not
suitable for heat-sensitive core materials sugbraiiotics. Therefore, for encapsulation
purposes, gellan gum has always been used in catidnnwith another gum, such as
xanthan gum (Sun and Griffiths, 2000; McMasterle@05; Muthukumarasamy et al.

2006), or a few sequestrants, such as sodiumeisatium metaphosphate, and EDTA

(Camelin et al. 1993).

In several studies, a combination of gellan gum xarthan gum has been used to en-
capsulate probiotic bacteria. Norton and Lacroi®9Q) reported that the gellan
gum-xanthan gum beads were useful for encapsul&8idpbacteriumcells and for
protecting them from acid injury. Sun and Griffit(®000) reported improved viability
of Bifidobacterium infantiscells embedded with gellan gum—-xanthan gum when ex
posed to simulated gastric juice. Furthermore, tleported improved viability of the
encapsulated cells, compared with the free celtgwstored in pasteurized yogurt for 5

weeks at 4°C.

2.2.2.1.2 Proteins

2.2.2.1.2.1 Milk Proteins

Milk proteins provide good functional propertiesatipromote their use as shell or ma-
trix materials for microencapsulation. They areatigkly inexpensive, are widely avail-

able in nature, possess good sensory propertesighly soluble, have low viscosity in

solution, and have good emulsification and filmafang properties (Forrest et al. 2005;

Day et al. 2007; Semo et al. 2007; Sandra et &i820ivney, 2010). The protein medi-
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um surrounding the bacterial cells provides a \gggd buffer in comparison with plant
hydrocolloid materials. Milk proteins help to inase the pH of gastric juice significant-
ly and, thus, increase the survivability of the apgulated bacteria (Charteris et al.
1998; Corcoran et al. 2004). Milk proteins haveeatbent gelation properties, which are
appealing to the microencapsulation industry. Tigelation results from the unfolding
of the protein and subsequent aggregation. Noneavalonds stabilize the gel network
and covalent bonds, such as disulfide bridges, atsxy participate in the stabilization

process (Li et al. 2006).

Casein, in the form of an aqueous solution of sodaaseinate, can be coagulated and
gelled by the actions of enzymes, such as renrtetransglutaminase (Heidebach et al.
2009a, 2009b), by cross-linking with glutaraldehytlatha et al. 2000), or by slow
acidification with glucona-lactone (Lucey et al. 1997). The acid gelatiorcasein is
based on the principle that the net charge on tb&ip is zero at its isoelectric point.
Thus, repulsive forces are minimal, resulting isyemovement and the aggregation of
the molecule. Rennet-induced gelation is basedherptoteolytic cleavage of the hy-
drophilic hairy outer layer of-casein, resulting in micellar aggregation. Traotghi-
nase-induced gelation takes place by the catabjsise acyl-transfer reaction, resulting
in the formation of molecular cross-links in th@tgin (Cho et al. 2003). The functional
and physicochemical properties of the transglutasercross-linked proteins depend on
factors such as enzyme concentration, incubatmoe,tend the type and concentration

of the proteins.

Sodium caseinate appears to offer the ideal phyaré functional properties for mi-
croencapsulation because of its amphiphilic andlgifging characteristics (Hogan et

al. 2001; Madene et al. 2006). Heidebach et al0ogBD developed transglutaminase-
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catalyzed gelation of casein suspensions contaittiegprobiotic cellsLactobacillus
paracaseiandBifidobacterium lactisThe aggregated casein mass was found to protect
the microorganisms from damage in simulated gasipieditions. In another study,
Heidebach et al. (2009a) used rennet to induceyéegion of skim milk concentrates
and determined their potential to encapsulate ptmbbacteria. Nag et al. (2011) used
sodium caseinate and gellan gum mixture gelled fagwnlly decreasing the pH with
gluconos-lactone (GDL) to encapsulatactobacillus casecells. The capsules provid-

ed enhanced protection in simulated gastric jurzklale salts.

The formation of whey protein gels at above 758@ue mainly to the gelation §f
lactoglobulin, which comprises 50% of the total wh@otein (Kilara and Vaghela,
2004) and is the most abundant whey protein inrmwnilk. The heat treatment makes
this process unsuitable for encapsulating many-$eraditive materials such as probiotic
bacteria (Chen et al. 2006). The cold gelation béyproteins is a potential solution to
this problem (Barbut and Foegeding, 1993; Maltaisl.€2005; Heidebach et al. 2009a).
As nativep-lactoglobulin is resistant to gastric digestionirgvhda and Pelissier, 1983),
peptic hydrolysis (Guo et al. 1995), and tryptidtotysis (Reddy et al. 1988), it is a
suitable encapsulating material for probiotic deti It also possesses very good oxy-

gen barrier properties (Kim et al. 1996).

An ionotropic gelation technique has been usedntagsulate probiotics with whey

protein isolate (Kailasapathy and Sureeta, 2004sl&y Reid et al. 2005). The addition
of cations, in the form of calcium, shields elestatic charges on the surface of the
proteins and allows the molecules to move closettmy. The resulting aggregation and
gelation are due to the absence of electrostatigdsmn. As this method is carried out at

room temperature, it is suitable for encapsulatiegt-sensitive probiotic microorgan-
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isms. Guérin et al. (2003) used a combination ginake, pectin, and whey protein to
encapsulat8ifidobacteriumcells. The capsules offered much better protedtian free
cells against the low pH of simulated gastric juatel the bile salts present in simulated
intestinal fluid. Gbassi et al. (2009) noted thdtew proteins are a convenient, cheap,
and efficient material for coating calcium algindieads loaded with.actobacillus
plantarum The whey protein coating significantly improveakcterial survival in a sim-
ulated gastric environment. Picot and Lacroix (200dserved the potential of embed-
ded Bifidobacterium longunand Bifidobacterium breven whey-protein-based micro-
capsules to survive the harsh environmental canditin the stomach and in acidic

products such as yogurt.

2.2.2.1.2.2 Gelatin

Gelatin is produced from denatured collagen andawoes significant amounts of hy-
droxyproline, proline, and glycine. It is usefulashermally reversible gelling agent for
encapsulation. Gelatin has good membrane-forminigyathas good biocompatibility,
and is nontoxic. One limitation of the use of gelah the hydrogel matrix is its low
network rigidity, but this can be improved by adgicross-linking agents. Lian et al.
(2003) reported that the encapsulatiorBdfdobacterium longunB6 andBifidobacte-
rium infantisCCRC 14633 in gelatin resulted in increased vigbdf the cells in a sim-
ulated gastric juice and bile solution. Li et &009) found that microencapsulation us-
ing alginate—gelatin beads improved the survivdladtobacillus caseATCC 393 dur-
ing gastrointestinal transit. Annan et al. (200AcapsulatedBifidobacterium lactis
BB12 in genipin—gelatin capsules and observed itit@akasing the genipin concentra-
tion improved their stability in simulated gastjigce. Genipin is derived from an iri-
doid glycoside called geniposide present in thé bftiGardenia jasminoides a natu-

ral crosslinker for protein.



52

2.2.2.1.3 Fats and oils

Fats and oils possess good oxygen and moistureibproperties. Their presence on a
surface increases its hydrophobicity, thus premgninoisture uptake. Lahtinen et al.
(2007) observed that encapsulatiorBifidobacterium longumB. adolescentisandB.
lactis in cocoa butter improved the survivability of tbells when stored for 4 weeks at
4°C in non-fermented oat drink. The average weeddliction in the plate counts of the
encapsulated cells (0.7 log CFU/ml/week) was sigauittly less than in the free control
cells (1.3 log CFU/mI/ week3imilarly, Hou et al. (2003) found that the encdason

of Lactobacillus delbrueckisubsp.bulgaricusin sesame oil improved its viability un-

der simulated gastric and intestinal conditions.

2.2.2.2 Encapsulation technologies

Probiotics are most commonly microencapsulatedgusmulsion and extrusion tech-

niques. In any microencapsulation technique, the sf the capsule beads is important
because it influences the sensory properties, gowglits use in foods. The extrusion

technique results in beads of uniform size (200@84Qm), whereas alginate beads
made using the emulsion technique vary in size f&ihto 2000 um but are smaller

than extruded alginate beads. Coacervation foripticldelivery has also been investi-

gated. However, other microencapsulation technicgesh as centrifugal extrusion,

spray chilling, co-crystallization, and moleculaclusion, which have been utilized to

encapsulate food ingredients such as vitaminspfiawvruit juices, and essential oils,

have found limited application with probiotics. Tiheajor microencapsulation tech-

niques used for probiotics are discussed in furdiedail.
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2.2.2.2.1 Emulsion techniques

This method involves taking a small volume of cplitymer suspension (discontinuous
phase) and adding it to a large volume of a vedgtaib (continuous phase), such as
soybean oil, sunflower oil, canola oil, or corn. dihe mixture is homogenized to form a
water-in-oil emulsion. Then, the water-soluble modyr is insolubilized (cross-linked)
by slowly adding a solution of calcium chloridesu#ting in phase separation. The dis-
persed phase encapsulates the probiotic bactetiee a®re material (Krasaekoopt et al.
2003). Finally, the beads are collected usingatiibm or mild centrifugation (Sheu and
Marshall, 1993). One major advantage of the emulgghnique is that it can easily be
scaled up for commercial production. Also, the wspheres are smaller in size and of
more uniform shape than those produced by the swtruechnique. A major disad-
vantage is the higher operational cost associaittdthe use of vegetable oil in the pro-
cess. Most studies on the emulsion technique foasulation have used sodium algi-
nate as the carrier material. The particle siz&idigion of the microcapsules is con-
trolled by the speed of agitation, the homogeniraparameters, and the type of emul-
sifier. Song et al. (2003) made an emulsion of wmdalginate in corn salad oil by pass-
ing it through a microporous glass membrane; they tused the emulsion to encapsu-
late Lactobacillus caseYIT 9018 cells. The encapsulated cells had a spaaticle size,
and provided increased stability in artificial gastand bile salt solutions and during
storage at different temperatures. Materials othan alginate that are commonly used
in the emulsion technique are a mixketarrageenan and locust bean gum (Audet et al.
1988), chitosan (Groboillot et al. 1993), gelatityidman et al. 1993), and cellulose
acetate phthalate (Rao et al. 1989). Adhikari e{20000) used 2%-carrageenan and
0.9% sodium chloride dispersed into vegetable d amulsified the mix with Tween

80, followed by immobilization with potassium chibe. Free and encapsulated



54

Bifidobacterium longuneells were tested for their resistance in an agydigurt medi-

um during refrigerated storage for 30 days. Theapsulated cells had a significantly
better survival rate (> 70.5-78%) than the freéscéh another study Nag et al. (2011)
successfully encapsulaté@ctobacillus caseinto a gel matrix (comprising of sodium
caseinate and gellan gum) by oil in water emulsidre capsules were found to provide

enhanced protection to cells under simulated gasiice and bile salt conditions.

2.2.2.2.2 Extrusion techniques

Extrusion is the oldest and most common techniguecdnverting hydrocolloids into
microcapsules (King, 1995). The gelation of hydilmids, such as alginate, carragee-
nan, and pectin, in the presence of minerals sgcbtaktium and potassium has been
used successfully to entrap probiotic bacteriagusixtrusion. The chemical explanation
is that the calcium and potassium ions bind to rthétiple free carboxylic radicals,
thereby forming gels (Champagne and Fustier, 20Different concentrations of algi-
nate have been used to form tiny gel particleshis process, the hydrocolloid and the
probiotic mixture are dripped into the hardeningugon (calcium chloride) through a
syringe or nozzle (Eikmeier and Rehm, 1987; Chameagt al. 1992; Desai et al.
2005). The viscosity of the sodium alginate solutithe composition of the alginate,
the distance between the syringe and the calcidorida collecting solution, and the
orifice diameter of the extruder influence the sanel sphericity of the beads (Smidsrod
and Skjak-Braek, 1990). Extrusion is the prefetemhnique for coating volatile flavors
and oils. It increases the shelf life of compouhgsnhibiting oxygen diffusion through
the matrix (Gouin, 2004; Desai and Park, 2005a580®adene et al. 2006). In a re-
cent study, Li et al. (2009) microencapsulat@gtobacillus casecells in a mix of so-
dium alginate and gelatin using an extrusion prec@sis combination successfully

protected the cells during gastrointestinal trarsit the beads were relatively large in
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size, with a mean diameter of 1.1 £ 0.2 mm. Theapsclated cells showed higher lev-
els of cell viability as compared to the free célien-encapsulated bacteria). Homay-
ouni et al. (2008) microencapsulated probiotice irdlcium alginate beads in the pres-
ence of resistant starch and incorporated themigetoream. After storage for 180 days
at —20°C, the survival rate of the encapsulatel$ @gs 30% higher than that of the free
cells. A major advantage of the extrusion procestsishell-core character. The encap-
sulated material is completely covered and protebtethe wall material, and residual
or surface core material is removed by a dehydydiquid, generally isopropyl alcohol
(Gibbs et al. 1999; Desai et al. 2005). The cosplwed in the production of encapsu-

lated particles is lower for the extrusion techeigman for the emulsion technique.

However, it is difficult to scale up the extrusitethnique for commercial application.
The bead formed by the extrusion technique is fairgsize than that produced by the

emulsion technique and is not of uniform size dmaps.

2.2.3 Stabilization by manipulating the cell physiology

Greater understanding of the physiology of badteg#s can help to improve the desir-
able characteristics of bacteria, such as enhaac&b and bile tolerance. Recently,
modification of the growth conditions to enhance #iress tolerance level has been
used to improve the robustness of probiotic cutu@ptimization of the growth phase
medium and the cell harvesting conditions are pt#ential ways of improving the sta-
bility of the cultures. Intrinsic tolerance of thacterial strains, bacterial stress adapta-
tion, and growth phase and cell harvesting conaltias tools for improvement of bacte-

rial stability are discussed below.



56

2.2.3.1 Intrinsic tolerance of culture/strain selection

The inherent vulnerability of bacterial cells varieetween different genera as well as
between distinct species of the same genus. Cochpeite lactobacilli, streptococci
have been found to be more resistant to heat. Qoesdy, the size and the shape of
the cells have become important factors in infliegdacterial viability (Clark and
Martin, 1994). As example of species to speciegtian, various species @&fifidobac-
terium show considerable variability in the tolerancééat and oxygen (Simpson et al.
2005). MoreoverBifidobacterium longunthas been found to have high bile salt toler-
ance, as high as 4% (Clark and Martin, 1994), wischotably higher compared to
many othersBifidibacteriumspecies. However, there is no rational explandiorthe
variation in viability. The selection of bacteriallture strains based on their ability to
resist low pH, bile salt concentrations, heat, a=gion, and oxygen is beneficial for the

preservation of viability in food applications.

2.2.3.2 Stress adaptation techniques

Bacteria possess an inherent ability to withstaauin conditions and sudden environ-
mental changes by inducing stress proteins. Inquéat, bacteria that can withstand an
adverse environment can subsequently survive raalrdonditions. Stress adaptation is
defined as an increase in an organism’s toleram@kelieterious factors on exposure to
sub-lethal stress (Hendrick and Hartl, 1993; Gattas et al. 1997; Van de Guchte et al.
2002). The resistance offered by a bacterial defesystem can be grouped into two
categories: (i) a specific system that allows swalvagainst a challenged dose of the
same agent, such as heat, osmotic stress, oxygeripa pH (Desmond et al. 2001,
Gouesbet et al. 2001); (ii) pre-adaptation to essticondition, which can allow the cells
to resist diverse environmental stresses and iwRkras a cross-adaptive response (Kim

et al. 2001). Pre-adaptation occurs as a resuthefconvergence of reactive genes to
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distinct kinds of injury, e.g., heat, osmotic sieexygen, and low pH (Crawford and
Davies, 1994). Recent studies have focused ondaptation to heat, osmotic stress,
oxygen, and low pH to improve the stress tolerdagel of bacteria. Three of the main

stresses are explained below.

2.2.3.2.1 Heat stress

Heat stress in bacteria results from an abrupeas® in temperature. Cells subjected to
high temperatures often show decreased proteinlistaBnd membranes and nucleic
acids are affected. High temperature also distthibstransmembrane proton gradient,
which leads to a decrease in intracellular pH (Heak al. 1996; Lindquist and Craig,
1988). Heat tolerance is a process whereby micevasgis exposed to sub-lethal heat
treatment acquire the ability to withstand subsatjlethal heat challenges (Girgis et al.
2003). Heat-induced thermotolerance has been odxbervseveralactobacillusspe-
cies. For example, the application of heat stresalted in the expression of heat-stress
proteins such as GroES, GroEL, htrA, HcrA, GrpEaRnDnald, GroEL, and DnaK in
Lactobacillus helveticugHecker et al. 1996; Broadbent et al. 1998; Snet¢ad. 1998),

L. acidophilus(Zink et al. 2000)L. bulgaricus(Gouesbet et al. 2001, 2002), sakei
(Schmidt et al. 1999; Stentz et al. 2000), angohnsonii(Walker et al. 1999; Zink et
al. 2000). The stress proteins help to preservendtwe conformation of the cellular
proteins and minimize denaturation. They also prtenpooper assembly of the proteins
and prevent unfolding and aggregation (Craig etl@83). Moreover, in response to
heat stress, there is a change in the lipid cortipnsof the bacterial membrane, e.g., a
substantial increase in the levels of C19:0 cyadppne fatty acids. A lower ratio of
saturated fatty acids to unsaturated fatty acidsbde®en observed (Broadbent and Lin,

1999).
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2.2.3.2.2 Osmotic stress

In response to osmotic stress, bacteria accumatatoxic low molecular weight com-
pounds, called compatible solutes, within theilscelThe accumulation of compatible
solutes by lactic acid bacteria has been foundetbdneficial during drying and osmotic
stress (Kets et al. 1996) and to improve the \itgbdn storage.These compatible so-
lutes allow the cell to retain positive turgor mee by reducing the osmotic pressure
difference between the internal environment andettternal environment, thereby pro-
longing the viability of the cells (Kets et al. )9 They function to balance the osmo-
lality with the extracellular environment, to enbarenzyme stability at low water ac-
tivity, and to maintain the integrity of the cemlmembrane during dissociation (Kets

and De Bont, 1994).

Microorganisms have been observed to accumulateatinte solutes, such as amino
acids, quaternary amines (e.g., glycine, betaine carnitine), saccharides, and polyols,
to protect them against decreasing water activitg o help the cell to acclimatize
against osmotic stress (Poolman and Glaasker, 18)3)ine betaine is identified as an
intracellular osmolyte that protectsactobacillus acidophilusfrom osmotic stress
(Hutkins et al. 1987). Prasad et al. (2003) foumak the robustness dafactobacillus
rhamnosudHNOO1 can be enhanced by osmotic stress adaptaticope with industrial
practices such as desiccation and rehydration laadtorage environment. They pro-
posed that the process/mechanism associated vétprttective osmotic shock effect
acquired by dried.. rhamnosuddNOO1 is stress proteins, along with glycolysisied
machinery and other stationary phase proteins agdlatory factors. Desmond et al.
(2001) noted the cross stress tolerance to hdatgtobacillus acidophilusipon expo-
sure to osmotic stress (0.3 mol sodium chloridefL.30 min). They also observed that

the survival rate was 16 times higher after exposarosmotic stress (0.3 M NacCl for
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30 minutes) than for the untreated control culteaeh in reconstituted skim milk at
37°C. Exopolysaccharide production acts as a salrapproach to safeguard bacteria in

damaging environments such as against osmotisqfRems-Madiedo et al. 2002).

2.2.3.2.3 Acid stress

Acid tolerance and adaptation increase the suratglobiotic bacteria in the gastroin-
testinal tract. Lactic acid is the major threatthie cell in the low pH environment in
fermented dairy products. The organic acids remantonated and unchanged and can
easily pass into the cell through the cell membi@iggis et al. 2003). Bacteria possess
several defensive mechanisms, which confer pratedcigainst acid injury. These de-
fensive mechanisms perform many functions to maintebility under low pH condi-
tions. Some of the important functions are: (inslacation of protons to the environ-
ment (Kobayashi et al. 1984, 1986; Nannen and Hgtki991); (ii) production of acid-
neutralizing ammonia from arginine (Marquis et1l&87); (iii) amino acid decarboxyla-
tion (Molenaar et al. 1993); (iv) decarboxylatiohaxaloacetate (Ramos et al. 1994,
Lolkema et al. 1995; MartyTeysset et al. 1996).5aad Ravula (2000) utilized the
acid stress adaptation responsé.adtobacillus acidophiluso enhance its survival un-
der harsh acid conditions and in yogurt. Fozo e{2004) observed that an increased
fatty acid length (an increase in the proportiorCaP:0 cyclopropane fatty acids and a
lower ratio of saturated to unsaturated membratig &cids) was an important mem-

brane alteration that increased survival in acadigironments.

2.2.3.3 Growth phase and cell harvesting conditions
Bacterial growth occurs in four distinct phases,, ilag, log, stationary, and death phas-
es. The stress response of the bacterial cultudepgndent on the growth phase. For

instance, bacteria that enter into the stationagsp develop a general stress resistance.
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They are more resistant to various types of stregsonse than bacteria in the log phase
because carbon starvation and exhaustion of alaifabbd sources trigger responses
that allow the survival of the cell population (Vda Guchte et al. 2002). For example,
probiotic spray dried powders containing high nensbof viable cells (over 50% sur-
vival; 2.9 x 10 CFU/g) were produced when stationary phase cellsagfobacillus
rhamnosuswere used, while early log phase cultures exhibbaly 14% survival,
(2.1x10 CFU/g) survival (Corcoran et al. 2004). In a $émistudy, L. delbrueckii
subspbulgaricusNCFB1489 cells harvested from stationary phasewshd higher sur-
vival compared to the compared with exponentialsphaarvested cells (Teixeria et al.
1996). In summary, appropriate growth phase afichaevesting conditions are essen-

tial for the stabilization of bacteria.

2.2.3.4 Growth media and growth conditions

Lactobacillusspp. are often grown in a De Man, Rogosa, andpgh@lRS) medium,
which is a selective medium for the growth of l&etoilli. However, the presence of
sodium acetate lowers the pH of MRS medium to Big lbwer pH inhibits the growth
of some gram negative bacteria, but still allows growth of most lactobacilli spp.
Baati et al. (2000) observed that variation inehgironmental conditions of the growth
medium resulted in alteration in the fluidity ofetleytoplasmic membrane. Membrane
fluidity is responsible for regulation of the floet nutrients and metabolic products into
and out of the cell (Annous et al. 1999). For exi@mwhen lactic acid bacteria were
grown in the presence of Tween 80, there was amase in their resistance to freeze
drying because of a change in the lipid composibbthe membrane (Goldberg and
Eschar, 1977) and there was an improvement in ileeshlt tolerance (Kimoto et al.
2002). Silva et al. (2005) showed that the celltadftobacillus delbruecksubsp.bul-

garicus when grown under controlled pH conditions, were enggnsitive to the stress-
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es encountered during starter culture productiordge and handling. In contrast, the
noncontrolled cells showed better viability becao$eenhanced production of heat-
shock proteins. These results indicate the impoeai growth media and cell harvest-

ing conditions in the stabilization of probioticdberia.

2.2.4 Stabilization by optimizing the storage conditions

Long term storage of lactic acid bacteria for us@arious products is a common prac-
tice in the food industry. It is important to mamtifactors such as temperature, relative
humidity, oxygen content, type of probiotic carriand the packaging material during
storage. These factors alone or in combinationleath to loss of viability as a result of
deteriorative chemical reactions. Overall, optirtima of the storage conditions could

possibly improve the survival rate of bacteria dgrstorage.

Temperature is an important parameter that inflasribe viability of probiotic bacteria
during storage. Storage at high temperature resufieorer survival rates than storage
at lower temperatures (Gardiner et al. 2000; Simpggal. 2005). For extended periods,
storage at —18°C has been found to be more suitabfeceze dried probiotic bacteria
than storage at 20°C (Bruno and Shah, 2003). T¢gedbviability forBifidobacterium
spp. has been found to be lower with storage at(2%) than with storage at 25°C
(40%) for 90 days. Increased survival at low terapge has been associated with a

lower rate of fat oxidation (Gunning et al. 1995).

Relative humidity is another variable that contrtile viability of probiotic bacteria.
During storage, a desiccant enhanced the vialohtBifidobacterium longunB6 and
Bifidobacterium infantisCCRC 14633 by removing moisture (Hsiao et al. 20G4n-
ning et al. (1995) observed that a relative hurpidit11% was the optimum to sustain

the viability of Lactobacillus bulgaricuduring storage and that a higher relative hu-
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midity resulted in an increased rate of lipid oxida. During storage at high relative
vapor pressure, the crystallization of disaccharidesulted in the loss of viability of
freeze dried_actobacillus rhamnosu&G. The presence of oxygen is detrimental to the
survival of bacteria because oxidative damage acduring long term storage. Oxygen
radicals can damage the polyunsaturated fatty guielsent in the phospholipids of the
bacterial cell membrane (Halliwell et al. 1993).y@&n-depleting agents, such as oxy-
gen absorbers and antioxidants, improve the vigloh the bacteria by providing a low
oxygen environment and preventing membrane lipgtat#ation. Nitrogen flushing has
been found to improve bacterial viability (Gunniegal. 1995) and vacuum packaging
is another alternative technique for the removabxjfgen. Jin et al. (1985) advocated
that low oxygen levels are important for the siahtion of bacteria during long term

storage.

Amorphous carbohydrates in probiotic carriers @ayimportant role in storage stabil-
ity by impeding the detrimental process. They easmnoncrystalline solids (glass) be-
low their glass transition temperature (Miao e2808). Importantly, the formation of a
glassy state in a probiotic carrier limits membrdiped oxidation, protein unfolding,
and chemical degradative reactions by providingféective environmental barrier and,
thereby, minimizing the transitional molecular nooti(Sun and Leopold 1997; Crowe
et al. 1998). The effect of the glassy state onstirgival of probiotic bacteria has been
studied in spray drying (Ananta et al. 2005) amefe drying (Miao et al. 2008). Anan-
ta et al. (2005) spray driddactobacillus rhamnosu&G in three spraying media, i.e.,
reconstituted skim milk (RSM), RSM with Raftilos&,%nd polydextrose. The survival
was greater in RSM than in the other media foragierat 37°C and 25°C at 11% relative
vapor pressure for 4 weeks. Miao et al. (2008)istlithe viability of freeze drietlac-

tobacillus paracaseandL. rhamnosusGG on storage at 22-25°C for 38-40 days at
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different relative humidities. They also noted #ifect of a protective medium consist-
ing of RSM or a cryoprotective disaccharide, ilactose, trehalose, sucrose, maltose,
and a mixture of disaccharides. Physical changes) as collapse, crystallization, and
stickiness, have been associated with higher velatapor pressure. A significant loss
in viability above a relative vapor pressure of4h.was observed and it was concluded
that the difference between the storage temperanulehe glass transition temperature

(T = Tg) influenced the viability.

Packaging materials play an important role in tioeage stability of bacteria by provid-
ing excellent barriers against gas and water vapsiao et al. (2004) showed that mi-
croencapsulatedifidobacteriumcells had better viability when stored in glasstlbe
than when stored in PET bottles, possibly becafisieeohigher oxygen barrier proper-
ties of glass bottles than of PET bottles. As ahwum provides a barrier to both oxygen
and moisture, which are injurious to bacteria dyitong term storage, a significant im-
provement in the viability oBifidobacteriumspp. was seen during storage in polythene
bags within aluminum-coated paper bags (Simpson akt 2005). Polyes-
ter—aluminum-polythene laminate, which has gasveai@r vapor impermeable proper-

ties, provides a superior barrier for stabiliziragteria (Jin et al. 1985).

Storage time has an inverse relationship with bedteiability. During storage, there is
a change in the ratio of linoleic/palmitic acid @2/C16:0) or linolenic/palmitic acid
(C18:3/C16:0), which is linked to the viability &Eeze dried bacteria (Yao et al. 2008;
Coulibaly et al. 2009). Other chemical damage meisias include the formation of
lipid hydroperoxides from free radical reactiongyielh decompose to secondary prod-

ucts, such as malonic dialdehyde (Raharjo and S&f83). Simpson et al. (2005) has
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shown that there is a significant loss in the \igb{greater than 4 log reduction) in

spray dried Bifidobacterium spp. during storagedqeriod of 3 months at 25°C.

2.3 Knowledge gaps

Scientists...
...want to generate
high-quality science
that has a positive

impact on society

A

Consumers...
...want reliable
information to make
informed decisions

Figure 2-2 Objectives of stakeholders in the figlgrobiotics (Hill et al. 2014)

Y

Industry...
...want high-quality,
profitable products,
with validated and

understandable claims

\J

A

Regulators...
...want to protect
consumers from

misinformation

The association between the probiotic stakeholdassbeen outlined in Figure 2-2. Re-

searchers over the years have collected wealthfofmnation in relation to the health

benefits associated with the consumption of pradsotHowever, industry is unable to

take the goodness of probiotics to the wider puthlie to the lack of potential stabiliza-

tion strategy to apply probiotics in ambient shstfible food products. In the present

scenario, probiotic micoorganisms are being maildijyvered through refrigerated short

shelf-life products. Even if incorporated into aeti shelf-life products, the products

generally fail to meet the regulatory criteria, @ahirequire probiotic bacteria to be via-

ble in high numbers at the end of shelf-life period
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From the present literature review, it is estal@éthat researchers have tried a flurry of
techniques to improve the viability of probioticdveria during storage. The key tech-

nologies involve:

1. Stabilization using drying or desiccation, sashfreeze drying, spray drying, fluid-
ized bed drying and vacuum drying or mixed/ tw@stkeying process (Ananta et al.

2005; Simpson et al. 2005; Santivarangkna et @720

2. Encapsulation processes, such as emulsion tpas)iextrusion techniques and coa-

cervation (Hsiao et al. 2004; Mokarram et al. 2009)

3. Stabilization by manipulating the cell physiojpgtress adaptation by heat-stress,
osmotic stress, acid stress, optimization of gropfiase, cell harvesting conditions,
growth media and growth conditions (Van de Guchtale2002; Prasad et al. 2003;

Corcoran et al. 2004).
4. Optimization of storage and packaging condgidhisiao et al. 2004).

Drying processes over the years have gained m#jacton for application into shelf

stable food products. However, it has been obsettvatdall the drying processes, used
to embed bacteria result in some loss of viabilityring dying and subsequent storage.
In freeze drying, this is due to ice crystal formaatand rupture of the cell membrane
(Fonseca et al. 2004). In spray drying, the highperature results in the thermal inacti-
vation of the cells (Ananta et al. 2005; Fonseca.€2000; Teixeira et al. 1995). In con-
trast, fluidized bed drying uses mild temperatuaed therefore minimises bacterial in-
activation (Bayrock and Ingledew, 1997). Fluidize=tl drying has been widely used in
the production of wine yeast, but has found limiggblication in the production of con-

centrated viable bacteria (Caron, 1995). Howeveecant study showed that fluidized
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bed drying of the bacterial cells in a dairy matimproved the stability of probiotic
Lactobacillussp., with a viable cell count of 100 million cefier gram of dried probi-
otic powder after 52 weeks of storage at 25°C (Aiag) Das, 2011). Therefore, the aim
of the thesis is to fill the knowledge gaps to depeshelf-stable probiotics by gaining
understanding on how the matrix structure and batteell physiology manipulation
influence the viability of probiotics. Chapter 4dab focus on understanding the im-
portance of matrix component, matrix structureglation to improving bacterial viabil-
ity. Thereafter, the experiments explore the célygology manipulation to improve

bacterial viability.



67

Chapter 3Effect of milk fat, protein and carbohydrate on tha-

bility of probiotic Lactobacillus paracaseaduring storage

3.1 Introduction

The understanding of health benefits associateld thé consumption of probiotics has
raised interest among consumers, scientific andaakedommunity to apply the thera-
peutic benefits of probiotics. Probiotic microorgams could either be added to refrig-
erated products having low shelf life of few weékg. yoghurt) or to non-refrigerated
dry food products Infant formula or malted bevera@ee of the major factors limiting
the widespread application is the loss of viabitityring the shelf life of food products
(lyer and Kailasapathy, 2005; Goderska and Czarn26k8). To claim food as “probi-
otic”, there must be proof of delivery of viableash(s) at an efficacious dose at the end
of shelf-life (Hill et al. 2014). Although, immolwation of bacteria via drying technol-
ogy in a protective matrix remains the most comm@ans to stabilize bacteria, limited
knowledge is available on retaining the viabilifypoobiotics in dry ambient long shelf
life products. The main objective of immobilizatiam encapsulation in a protective
matrix is to create a microenvironment that pratgxbbiotics from harsh external con-
ditions (Anal and Singh, 2007). The immobilizatioh probiotic bacteria in a matrix
capable of minimizing loss of viability during stge at elevated temperatures provides

a potential route for incorporation of probiotiesdry food products.

Commercially, there is a demand for the developnoécbncentrated viable probiotics
for use in non-refrigerated food products. Potdigtidoth freeze drying and spray dry-
ing can be used for the production of concentrgiedbiotic powders, but both these
technologies use adverse temperature conditiongtbanjurious to the bacteria (Gibbs

et al. 1999; Kailasapathy, 2002; Fowler and To26Q5; Madene et al. 2006). Fluid-
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ized bed drying on the other hand is a potentigindrtechnique where the bacteria do
not attain the temperature of air as a result @fpevative cooling. It has been widely
used for the production of baker's yeast and wieasy but to date have found limited
applications for the production of concentratelgabacteria (Caron, 1995). However,
a recent study showed that fluidized bed dryinghef bacterial cells in a protective
dairy matrix improved the stability of probioticactobacillussp. with a viable cell
count of 100 million cells per gram of dried praiicgpowder after 52 weeks of storage
at 25 °C (Nag and Das, 2011). It was thereforentdfrest to study how the individual
matrix components affected the bacterial viabilithe composition and structure of
matrix within which the probiotic bacteria are canted are important for the stability
of the bacteria. Carbohydrates, protein and faplaly protective role for the bacteria.
Carbohydrates, such as lactose, can be used idryireg matrix to protect the cells
against drying stress, and to substitute for trardgen bonded water in the head group
of the phospholipid bilayers present in the baaterell membrane (Sun and Leopold,
1997; Crowe et al. 1998; Miao et al. 2008; Strasteal. 2009). In addition, the for-
mation of glassy (amorphous) state during drying iogpart very high viscosity, which
can act as a protective encapsulation for the bacténiting water and oxygen ex-
change (Sun and Leopold, 1997; Crowe et al. 1998)vever, during storage at high
water activity conditions, the crystallization ofrbohydrate leads to bacterial death
(Miao et al. 2008; Strasser et al. 2009). Protesns delay the crystallization of carbo-
hydrates to maintain the protective glassy stateebducing the rate of diffusion of sug-
ar molecules to form crystals (Haque and Roos, 20@dppila and Roos, 1994;
Shrestha et al. 2007). Similarly, fat may also yeke crystallization of lactose by re-
ducing the water absorbing properties due to tleeeased surface hydrophobicity

(Knudsen et al. 2002; Kim et al. 2003; LahtinealeR007). Therefore, for this prelimi-
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nary study, fluidized bed drying of bacteria inglrdairy matrices, i.e. whole milk
powder (WMP), skim milk powder (SMP) and milk priotesolate (MPI) was carried
out. WMP represents a matrix rich in fat, protend dactose, SMP represents a matrix
rich in protein and lactose and devoid of fat, @iMPI represents a matrix rich in pro-
tein, without fat and lactose. The examination a€tkrial viability during storage in
these matrices with specific compositions was thoug provide a base for further ex-

periments and a better understanding towards thertiaince of matrix constituents.

The experiment was designed to test the effect P, SMP or MPI on the bacterial
viability loss during storage, based the storagtemactivity of the powders. The pow-
ders were taken out at specific intervals duringftbidized bed drying process, to ob-
tain water activity @ levels of 0.3, 0.4 and 0.5, followed by vacuumkiag in alumin-
ium foil pouches. The vacuum packaging of the pawda the aluminium foil, provid-
ed water vapour barrier protection, thereby manmag the water activity levels during
storage. The powders were further subjected teetyaof storage temperatures (4, 25

and 37 °C).

3.2 Materials and methods

Whole milk powder (WMP), skim milk powder (SMP) andlk protein isolate (MPI)

were obtained from Fonterra Co-operative Group Nl Zealand.

3.2.1 Enumeration of viable bacteria

deMan, Rogosa and Sharpe (MRS) agar was used toegate viabld.. paracased31
present in the powder samples that were storedh fperiod of up to 4 weeks. The
samples were homogenized in sterile buffered pepteater (5 g/l Merck, Germany)

for 5 min using a Stomacher 400 Lab Blender (Sevidedical, London, UK). From
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this homogenate, decimal serial dilutions were madie same sterile peptone water
and used for microbiological analyses. For deteatnom of viable cells, diluted
samples were pour plated on MRS agar plates (Meattgr 10 fold serial dilution in
peptone water. After solidification of the agaiindual bacterial cells are fixed, which
allows them to multiply during incubation and foreolonies. The visible colonies
developed after 24-48h incubation; viable cell dsunere determined after 48 hours
incubation under aerobic conditions at 37°C. Casmntounted were then multiplied
with the dilution factor to obtain total viable tebunts and recorded as colony forming
units (CFU) per gram of product. Three batcheshefdample powders were made and

analysed for viability.

3.2.2 Bacterial growth and cell harvesting conditions

Lactobacillus paracasesubsp.paracaseiCRL 431 (ATCC 55544) was grown batch-
wise in a 5 L durham bottle in 55 gIMRS medium (Merck KGaA, Darmstadt, Ger-
many) at 37 °C. The fermentation took place underaaerophilic conditions. Bacteri-
al growth curve was obtained by observing the Vitglwounts during the growth cycle,

as outlined in section 3.2.1 i.e. Enumeration able bacteria.

The cells in the stationary phase (18 h after itaimn) were harvested by centrifuga-
tion (10 min at 15000gq, in a Sigma 6-16S centrif(@gma Laborzentrifugen GmbH,
Osterode am Harz, Germany). The stationary phdseveere used in the current study,
based on previous research finding (Corcoran e2@04), indicating that stationary

phase cells provided better viability during staag

The harvested cells were washed in buffered peptater (5 gL*) (Merck), resulting

in a cell pellet, containing ~ 3 x ¥OCFU/g of bacterial cells.
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3.2.3 Fluidized bed drying

The harvested cells were mixed manually with WMMPSor MPI for 10 min. The

matrix—bacteria mixture was dried in a laboratdwydized bed drier (model Uni-Glatt,

Glatt GmbH, Binzen, Germany) with dehumidified comgsed air at 40 °C. In case of
fluidized bed drying of bacterial powders, the trdé temperature is carefully chosen
SO as to maintain a delicate balance between thistun® evaporation from the

granulated surface and the migration of moistumr@uph the capillaries from the
interior of the granulate to the surface, as drikthe inlet air temperature is too high, a
surface crust formation is generally seen which prigvent the moisture removal from
deeper layers to the outside. The crust formatielays the drying process with the
increased amount of moisture remaining within thest; leading to increased viability

loss during storage.

In the fluidized bed drier, air travels upward tigb the bed of particles with sufficient
velocity to provide fluid like behavior, and theeély suspended particles in the air
stream are dried by rapid heat exchange and massfér (Bayrock and Ingledew,
1997) (Figure 3.1). The Uni-Glatt laboratory flibdd dryer has a batch size capacity of

1 to 1.5kg (Figure 3.2).

The powders were taken out at various stages duhegdrying process to achieve
powders with final water activity levels of 0.34Gand 0.5. Fluidized bed drying used in

the present study aided in rapid drying of the pemlohcteria mixture.

3.2.4 Packaging and storage

Powders produced were immediately vacuum-packemluminium foil and stored at

three different temperatures; 4°C, 25°C and 37%¢uvm packaging in aluminium foil



72

was done due to its best water vapour barrier ptiege(Jin et al. 1985; Simpson et al.

2005), which may help in maintaining the waterattiof the powders during storage.

The influence of the storage temperature and wadgvity (a,) on the viability of the

embedded bacteria was studied for a period of dpweeks.

4 J
44
o
Rapid drying of
agglomerate

Hot air

Figure 3-1 Schematic representation of fluidized #g/ing process

Figure 3-2 (a) Uni-Glatt Laboratory scale fluid bdrger and (b) control panel
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3.2.5 Water activity measurement

Water activity represents the energy level of watea product. Water activity is
defined as the ratio of the vapor pressure of wiatarsample to the vapour pressure of
pure water at the sample temperatlu&ctobacillus paracaseembedded in protective
matrix was periodically taken out during dryinghtave samples with water activity.fa

of 0.3, 0.4 or 0.5 (x0.01). Water activity was measl using Decagon CX-2 Water

Activity (aw) Instrument (Decagon Devices Inc., WA, USA) at@5°

3.2.6 Confocal laser scanning microscopy

To study the location of the bacteria within thetmxa confocal laser scanning

microscopy was employed. The idea was to locate, dnd dead bacteria within the
matrix. Confocal laser scanning microscope basicans a sample sequentially point
by point, line by line or multiple points at oncedaassembles the pixel information to
one image. As a result, optical slices of the gpeaniare imaged with high contrast and
high resolution in x, y and z planes. The imagekstacan be combined to create 3D

(dimensional) view.

Acridine orange (sigma), propidium iodide (Pl) (®@@), nile blue (Sigma) and fast
green (Sigma) were the stains used in this studhe Gells stained with Pl were
observed not to take up acridine orange. Researdtsat previously reported that the
dead cells are not stained by acridine orange @wosnd Colwell, 1987). PI is not
membrane impermeable and hence is generally extlirden live cells. In case of
compromised cell membrane, PI binds with the GGaggue-cytosine) rich region of
DNA and causes dead cells to fluoresce (Swope &okirtger, 1996). Nile blue is a

lipophilic stain which reacts with the milk fat wenerate fluorescence (McKenna,
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1997). Fast green in this case has been used &teccentrast from acridine orange
stained protein with fast green. All the stains evdissolved in commercially available
glycerol based mounting medium Dako (Dako CorporatiCarpinteria, CA 93013,
USA) at a concentration of 1 mg per ml (McKenna920® The use of mounting
medium as a dye carrier prevented dissolution efntfatrix and aided in visualization
of intact matrix. The laser intensity was 10% ameliitnages were taken at an increasing
depth from the surface with increments of 0.5urhe Tist of the dyes used in the study

is shown in Table 3-1.

Table 3-1 List of dyes and excitation emissiorefsgtused in this study

Excitation/
Dye Function Reference
Bandpass filte

-

To stain live, recoverable, growth
Acridine (Roszak andColwell,
488/ 500-540 responsive, metabolically active
Orange 1987)
dormant and active cells

Propidium (Swope and Flickin-
488/550-620 To stain dead cells
iodide ger, 1996)
Nile blue | 488/550-620 To stain fat (McKenna, 1997)
Fast Green 633/650-700 To stain protein (Auty et al. 200(1)

3.2.7 Scanning electron microscopy

In scanning electron microscopy (SEM), a focusednbeof high-energy electrons
interacts with the sample to generate a varietgighals at the surface of the solid

sample specimen. The information that may be obtafinom SEM includes external
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morphology (texture), chemical composition, crylgtal structure and orientation of the

material making up the structure.

Surface topology of the encapsulated bacterial gowdas studied using SEM. Dry
milk powders were sprinkled onto double-sided tapean aluminium SEM specimen
stub, the loose particles blown off with a hand'pirffer’, the samples sputter coated
with gold and viewed in a FEI Quanta 200 Scannihgctton Microscope. Digital

images were saved at the required magnifications.
3.3 Results

3.3.1 Growth curve oL. paracasesubspparacaseiCRL 431

10.0

9.5

9.0 4

8.5

8.0 A

Bacterial viability (log CFU/g)

7.5 A

70 T T T T T T T T T T T T
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Time ( in hours)

Figure 3-3 Typical growth curve dfactobacillus paracasesubspparacaseiCRL 431 over a

24hr period at 37°C under microaerophilic condgionMRS medium.

The growth curve of.. paracaseisubsp.paracaseiCRL 431 is shown in Figure 3-3.

The bacteria reached stationary phase after 18h.
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3.3.2 Bacterial viability

The study evaluated the effect of matrix, powdetewactivity during storage and
storage temperature on the viability of the prdbidbacteria.L. paracaseiwas
embedded in three dairy matrices, WMP, SMP and iliHg fluidized bed drying. The
embedded bacteria in were taken out at specifervats during the drying process to
achieve final @ of powder as 0.5, 0.4 or 0.3. The powders wersegiently vacuum
packed in aluminum foil to maintain the requirgd &he powders were stored at three

different temperatures; 4°C, 25°C and 37°C, fagréod of up to 4 weeks.

Bacterial viability (log CFU/g)

3 T T T T T
0 5 10 15 20 25 30

Storage time (days)

Figure 3-4 The storage stability of fluidized beded Lactobacillus paracasepowders
embedded in whole milk powder having 0,2 &he viability is expressed as the logarithmic
values of survival against storage time of 4 wesks °C (black circle), 25 °C (white triangle),

and 37 °C (black square). Error bars representatdrdeviation of meansx8)

The bacteria embedded in WMP matrix having 0,3 (Rigure 3-4) had an initial

viability count of 9.51+0.09 log CFU/g. During sté@e period of 4 weeks considerable
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loss in bacterial viability was observed, the samgtbred at 37°C showed the largest
loss, where an initial decline to 7.33 £0.09 logUZg-r was observed during the 14 day
period. However, during the next 14 day period \fability trend remained constant,
and the bacteria viability at the end of storageopewas 7.12+0.01 log CFU/g. A mild
decline in viability was observed in the samplesrest at 25°C, with 8.95+0.04 log
CFU/ g of viable bacteria remaining at the endtofegge period. Storage at 4°C resulted
in better bacterial viability (9.28+0.21 log CFU#& the end of storage period), as

compared to the bacterial samples stored at 23 &M

The bacteria embedded in SMP matrix with Q,3Rgure 3-5) had an initial viability
count of 9.75+0.14 log CFU/g. During the storagequeof 4 weeks considerable loss
in bacterial viability was observed, the sampleedoat 37°C, showed the largest loss
where an initial decline till 7.64+0.11 log CFU/gsvobserved during the first 14 day
period. However, there were abrupt loss in viapitiiereafter and less than 3.0 log
CFU/g was observed during subsequent viability khAcmild decline in viability was
observed in the samples stored at 25°C, with 8.8&tbg CFU/g of viable bacteria
remaining at the end of storage period. Storagd®°@t resulted in retaining better
bacterial viability (9.6+£0.07 log CFU/g at the ewmidstorage period), as compared to the

bacterial samples stored at higher temperaturen@3a°C respectively.

The bacteria in MPI matrix with 0.3,gFigure 3-6) had an initial viability count of
9.75+0.15 log CFU/g. During the storage period ofvdeks considerable loss in
bacterial viability was observed, the samples stat 37°C showed the largest loss
where an initial decline till 5.35+0.18 log CFU/gsvobserved during the first 14 day
period. However, during the next 14 day period \fability trend remained constant,

and the bacteria viability at the end of storageggewas 4.59+0.10 log CFU/g. A slight
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decline in viability was observed in the samplesrest at 25°C, with 8.24+0.12 log
CFUlg of viable bacteria remaining at the end ofaje period. Storage at 4°C resulted
in better bacterial viability (9.68+0.18 log CFUAS the end of storage period) as
compared to the bacterial samples stored at higberperature 25 and 37°C

respectively.

Bacterial viability (log CFU/g)
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Storage time (days)

Figure 3-5 The storage stability of fluidized beded Lactobacillus paracasepowders
embedded in skim milk powder having 0.3 dhe viability is expressed as the logarithmic
values of survival against storage time of 4 westk4 °C (black circle), 25 °C (white triangle),

and 37 °C (black square). Error bars representatdrdeviation of means%R)

The bacteria in WMP matrix with 0.4, dFigure 3-7) had an initial viability count of
9.46%0.15 log CFU/g. During the storage period ofvdeks considerable loss in
bacterial viability was observed, the samples stat 37°C showed the largest loss
where an initial decline till 7.43+0.11 log CFU/gsvobserved during the first 14 day
period. However, during the next 14 day period éhwas an abrupt decline and less
than 3.0 CFU/g was observed, till the end of tlueagte period. The samples stored at

25°C and 4°C had a viable count of 8.99+0.16 ah2+®.02 respectively.
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Bacterial viability (log CFU/g)
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Figure 3-6 The storage stability of fluidized beded Lactobacillus paracasepowders
embedded in milk protein isolate having 0,3 @&he viability is expressed as the logarithmic
values of survival against storage time of 4 westk4 °C (black circle), 25 °C (white triangle),

and 37 °C (black square). Error bars representatdrdeviation of means%8)

Bacterial viability (log CFU/g)
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Figure 3-7 The storage stability of fluidized beded Lactobacillus paracasepowders
embedded in whole milk powder having 04 @he viability is expressed as the logarithmic
values of survival against storage time of 4 wesks °C (black circle), 25 °C (white triangle),

and 37 °C (black square). Error bars represendatdrdeviation of meansx8)
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The bacteria in the SMP matrix with 0.4 @igure 3-8) had an initial viability count of
9.90+0.19 log CFU/g. In case of the bacteria state®7°C, rapid drop in the viable cell
count of 7.35+0.17 log CFU/g was observed durirgfttst 14 day period. Thereatfter,
less than 3.0 CFU/g was observed, till the enchefstorage period. The sample stored

at 25°C and 4°C resulted in better viability res8ui®3+0.08 and 9.89+0.06 log CFU/g at

the end of storage period.

Bacterial viability (log CFU/g)

30

Storage time (days)

Figure 3-8 The storage stability of fluidized beded Lactobacillus paracasepowders
embedded in skim milk powder having 0.4 dhe viability is expressed as the logarithmic
values of survival against storage time of 4 westk4 °C (black circle), 25 °C (white triangle),

and 37 °C (black square). Error bars representatdrdeviation of means%8).

The bacteria encapsulated in MPI matrix having &,4(Figure 3-9) had an initial

viability count of 9.93+0.12 log CFU/g. Storage 3°C resulted in total loss in the
bacterial viability within a week of storage. Thangple stored at 25°C had a viability
count of 5.72+0.14 log CFU/g at the end of storpgeod while the bacteria stored at

4°C had a viability count of 9.37+0.29 at the ehdtorage period.
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Figure 3-9 The storage stability of fluidized beded Lactobacillus paracasepowders
embedded in milk protein isolate having 0.4 @he viability is expressed as the logarithmic
values of survival against storage time of 4 weshksé °C (black circle), 25 °C (white triangle),

and 37 °C (black square). Error bars representlatdrdeviation of meansx8)

The bacteria encapsulated in WMP, SMP MPI matrixiga 0.5 @ had an initial

viability count of 9.73+0.09 log CFU/g, 9.44+0.18hI CFU/g and 9.44+0.15 log CFU/g
respectively. Storage at 37°C resulted in totas limsthe bacterial viability within a
week of storage. Storage at 4 and 25°C resultedmmplete viability loss at the end of

storage period (refer appendix A4).

3.3.3 Morphology of powders

Scanning electron microscopy images oflthgaracaseembedded in WMP, SMP and
MPI are shown in Figure 3-10. There were no visibdeteria on the surface of the
powders suggesting sufficient embedding of the ésactwithin the matrix. The MPI

matrix (Figure 3-10 a & b) had a shiny lustroustiies and less rigid structure as

compared to SMP matrix (Figure 3-10 ¢ & d) and W#ERure 3-10 e & f) matrix.



Figure 3-10 SEM images of fluidized bed drleattobacillus paracasgiowders in MPI (a, b), SMP (c, d) or WMP (e, f).

82
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Both SMP matrix and WMP matrix had a similar appeae due to the presence of
large amount of lactose, which provides bulk rityido the structure (Figure 3-10). Up-
on storage at higher water activity (0.5 &rystallization was observed in the matrix
containing lactose (Figure 3-11b) while the amorghgnon-crystalline) lactose was

observed at 0.3,aFigure 3-11a).

Figure 3-11 SEM image of (a) SMP matrix having &,3b) SMP matrix having 0.5,aupon

storage at 25°C for 28 days.

The Figure 3.11 shows the difference in the powderphology among the powders
after storage at 25°C. Amorphous glassy structouédde observed in powder with 0.3
ay (below the critical glass transition temperaturgufe 3-11 a. Crystallization could
be observed in the WMP and SMP powders with @,5above the critical glass transi-

tion temperature) Figure 3-11 b.
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Live bacteria
stained in,
green (Acridine |#
orange, AO)

Dead bacteria
stained in
red (Propidium
lodide,PI)

Milk protein
greenish blue,
stained with
fast green

Milk fat
redish brown,
stained with

nile blue

Figure 3-12 CLSM image of (a) surface of WMP matgkowing immobilization of bacteria within the fand protein layer (b) cross section of the

matrix, (c) spatial distribution of live and deadckeria which are located below the surface, camgiof bacteria embedded in protein and lactose

matrix.
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The matrix structure of the bacteria embedded witthie whole milk powder was
analyzed using confocal laser scanning microscdpgute 3-12). The embedded
bacteria were observed to lie beneath the surfatieeomatrix, covered with milk fat.
The milk fat could be observed on the surface sthiwith Nile blue. Milk proteins
stained with fast green could be observed to coritee probiotic bacterial mass. Live
bacteria were stained with acridine orange and deacteria were stained with

propedium iodide and could be observed in red.

3.4 Discussion

The aim of the present study was to identify thiea$ of intrinsic factors, such as
drying matrix, water activity and temperature ajrage on the viability of the bacteria
during storage. Considering the fluidized bed dyyimocess utilizes lower temperature
for drying, the thermal inactivation of bacteriaridg the drying process is markedly
reduced. A recent study revealed that fluidized Oedng of the bacterial cells in a
protective matrix improved the stability of probetactobacillussp., during extended
storage at 25 °C (Nag and Das, 2011). Matrix ctuesiis are known to play an
important role in providing protection to the ba@eluring drying and storage (Miao et
al. 2008). Different matrices, WMP, SMP and MPI, reveevaluated to provide
preliminary understanding on the protective efiacprotein (MPI), protein and lactose
(SMP) and fat, protein and lactose (WMP) on thetdyéad viability during drying and
storage. It was hypothesized that the compositidhematrix constituent would affect
the survival of bacteria, especially during storafjas is the first study to evaluate the
effects of these materials for embedding probibtcteria using fluidized bed drying

process.
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The result demonstrates that higher storage termyserand water activity of the
powders leads to increased bacterial death, iroéispeof the drying matrices used. The
bacterial powders, stored at 4 and 25°C with @3 and 0.4 had greater bacterial
viability compared to the powders witly 8.5 and when stored at 37°C. This finding is
consistent with previously published reports, wheraperature during storage resulted
in lower survival rates of spray and freeze driedctobacillus paracasei and
Bifidobacteriumsp (Gardiner et al. 2000; Simpson et al. 2005 [Bss in viability for
Bifidobacteriumspp. has been found to be lower upon storageCath&h upon storage
at 25°C for 90 days (Bruno and Shah, 2003). Addidily, researchers have observed
that increased survival at lower temperature wassipty due to the lower rate of
membrane lipid oxidation, thereby preventing ce#mirane damage during storage
(Gunning et al. 1995). A change in the ratio obleic/ palmitic acid (C18:2/C16:0) or
linolenic/palmitic acid (C 18:3/C16:0) has also dieked to the viability loss in freeze
dried bacteria (Yao etal. 2008; Coulibaly etabD02). The formation of lipid
hydroperoxides, during storage of bacteria at higamperature, was also associated

with bacterial death upon storage (Raharjo and $df893).

The @ of the stored powders was important for maintgndacterial viability during
storage. With an increase in powder Bcreased rate of bacterial death occurred, and
this was consistent with previous researcher figslif(Gunning et al. 1995; Hsiao et al.
2004). Powders were vaccum packaged and storddrmraum foil pouches, based on
earlier reports that the vaccum packaging of prtabipowders in aluminium folil
laminates, having high water vapour and oxygen idramproperties, improved the
bacterial viability during storage (Jin etal. 198impson et al. 2005). The matrix
constituents were found to play an important ralethe survival ofLactobacillus

paracaseiduring storage. The protective carbohydrates ptaseife probiotic carrier,
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in amorphous glassy state, play an important rglelimiting the membrane lipid
oxidation, protein unfolding and chemical reactionsy providing an effective
environmental barrier and thereby minimizing thensitional molecular motion (Sun

and Leopold, 1997; Crowe et al. 1998).

MPI consists of mainly proteins (90%) and is defitiin both lactose and fat (3%). The
loss of viability was observed in MPI powders witi3 g, from 9.75+0.15 to 8.24+0.12
log CFU/g and 0.4,afrom 9.93+0.12 to 5.72+0.14 log CFU/g upon storay5°C.
The viability loss in these powders may be atteluto the presence of no protective
carbohydrate (lactose) in the matrix, which prosidgrotection during drying or
desiccation/drying stress. Therefore, the incredsaterial death in MPI matrix during
storage, compared to other matrices may be dubetaieater cell injury during the
drying process (osmotic stress) in the absencerateqtive carbohydrate. This may
result in increased number of bacteria dying offirttyithe storage. Furthermore, there
would also be the effect of higher water activitgttis known to increase translational
molecular motion leading to oxidative damage andtdy&al viability loss in the

powders on storage.

SMP possess high amount of lactose 54.5%, 32.9%iprand 0.9% fat, while WMP
contains 39.1% lactose, 25% protein and 26.8%rahe case of bacteria embedded in
SMP and WMP matrices, high amount of lactose wquidvide protection to the
bacterial cells during the drying process by fomgnian amorphous glass. The
amorphous glassy state of carbohydrate imparts Wiglty viscosity at glass transition
temperatures and thereby restricts the moleculdrilityoin the matrix. Lactose has
been found to be effective in maintaining the gtieed and functional integrity of

model membranes (microsomes) at loyv(glassy state). The combination gf @.43
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and T=4.8+ 1.5°C, 0.395,aand T=25°C, 0.3 ,aand T=38°C is considered as border
point, as below this temperature/water activity bomtion lactose remains in the
glassy state. The crystallization may therefore motpresent in the bacterial samples
stored at 0.3 and 0.4,,an line with previous reports (Thomsen et al 2008loreover,
the presence of proteins in the matrix would alstp hin retaining the glassy form of
lactose in the SMP and WMP matrices. The presehdaton the WMP matrix may
offer hydrophobic barrier thereby helping in mainiag the protective glassy state. It
has been previously observed that encapsulatioerialtontaining fat improves the
viability of bacteria at high water activities (@enden et al. 2006). The WMP matrix
provided better protection during storage at eledattorage temperature compared to
SMP and MPI matrix where no viable bacterial cocmtild be observed after 4 week
storage. This observed protective effect may betdube presence of fat in the WMP

matrix.

3.5 Conclusions and future research

Whole milk powder matrix may have provided bettestpction, due to the presence of
appropriate proportions of fat, protein and lacto3derefore, to gain further
mechanistic insights, bacteria would be further edded in WMP matrix, and the
effects of drying method and storage of the powderder varying water activity
conditions will be studied. The proposed study hafter 4 may shed some further light
on the protective mechanisms of matrix componerd arerrelationship between
bacterial death and storage water-activity. Irregpe of the embedding matices and
powder water activity, bacterial viability was m@imed during storage at 4°C, while
high loss occurred upon storage at 37°C. Hence,ptiveders under these storage

temperatures conditions would not be studied furtfithie present study hinted the
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importance of fat in the drying matrix which wouwdtso be explored in detail in Chapter
4. The glassy state of lactose and its relationghip bacterial viability will also be

explored in Chapter 4.
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Chapter 4Effect of drying techniques (freeze drying, spray-d
ing and fluidized bed drying) on the viability ofgbiotic Lacto-

bacillus paracasei

4.1 Introduction

In order to stabilize probiotic bacteria for loregrh storage, a right combination of sta-
bilization technology, drying method, matrix cohstints and matrix architecture is
necessary. Fluidized bed dryinglofparacasein a whole milk powder (WMP) matrix
was found to provide better protection in Chaptem3this chapter, additional drying
techniques, i.e. freeze drying and spray dryingewsraluated alongside fluidized bed
drying, using WMP as the embedding matrix. In tlestp stabilization technologies,
such as freeze drying and spray drying have beet fas the production of concentrat-
ed probiotic powders. However, limited successlieen observed in maintaining bac-
terial viability under ambient temperature condi8p simulating non-refrigerated food
matrix environment (Miao et al. 2008). In the cat&eeze drying process, there exists
an increased loss in bacterial viability during freezing step due to the ice crystal
formation and the rupturing of the cell membranen@eca et al. 2004). Similarly, high
temperature of spray drying process results innthérmactivation of cells (Teixeira et
al. 1995; Fonseca et al. 2000; Ananta et al. 20@&biotics are sensitive to tempera-
ture, such that the death rate typically increagds drying temperature (Gardiner et al.
2002), which is typically above 51°C (Simpson ef8l05). As a result, several process
optimization efforts have been carried out to redtie bacterial death by minimizing
the drying temperature (Gibbs et al. 1999; Gardeteal. 2002; Kailasapathy, 2002;

Ananta and Knorr, 2003).
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The fluidized bed drying process on the other hatiitces mild temperature, minimiz-
ing bacterial inactivation by using rapid exchamgdeat and mass between the parti-
cles (Bayrock and Ingledew, 1997). This processhe®n widely used for the produc-
tion of baker's yeast and wine yeast, but to dates found limited application in the

production of concentrated viable bacteria (Cal®@95).

The matrix within which the probiotic bacteria a@ntained is important for the stabil-
ity of the bacteria. Carbohydrates, protein andrat all play a protective role for the
bacteria. Carbohydrates, such as lactose, can dxk insthe drying matrix and act to
substitute for the hydrogen-bonded water in thellgraup of the phospholipid bilayers
present in the bacterial cell membrane (Leslielef295; Morgan et al. 2005; Santi-
varangkna et al. 2008). In addition, if the carlariayes form a glassy (amorphous) state
during drying, they can impart very high viscositshich can act as a protective encap-
sulation for the bacteria, limiting water and oxggexchange (Morgan et al. 2006). Pro-
teins can delay the crystallization of carbohydsai® maintain the protective glassy
state (Haque and Roos, 2004; Jouppila and Rood, B¥festha et al. 2007). Similarly,
fat may also delay the crystallization of lactoKar( et al. 2003; Knudsen et al. 2002).
Therefore, the composition and the structure ofrttarix play important roles in in-

creasing the storage life of dried bacteria.

The viability of bacteria during storage dependsnawisture content, which in turn is
influenced by the water activity conditions duristprage (Gunning et al. 1995; Hsiao
et al. 2004; Miao et al. 2008). At a water activitglow 0.11 @ Lactobacilluscan be

kept viable for long periods (Gunning et al. 1984a0 et al. 2008). A glassy (non-
crystalline) state has been shown to enhance tinag#t life (Ananta et al. 2005; Crowe

et al.1998; Miao et al. 2008; Sun and Leopold, }98i, at higher humidity, water be-
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gins to act as a plasticizer of the protective chyldrate glass and increases the molecu-
lar mobility (Thomsen et al. 2005). This increagariolecular mobility results in crys-
tallization of the amorphous carbohydrate and mst@ous loss of bacterial viability

during storage (Miao et al. 2008).

Stabilization technologies, such as freeze dryimg) spray drying, have been used pre-
viously for the production of concentrated proligtowders. However, there has been
limited success in maintaining bacterial viabililgder ambient temperature conditions.
The current study was planned to investigate tfectef of drying technology and the
storage water activity on the viability @factobacillus paracaseé#3lembedded in a
whole milk matrix. Moreover, impact of the matritcigcture on the viability of the bac-

teria was also explored.

4.2 Materials and methods

Whole milk powder (WMP) was obtained from Fonte@a-operative Group Ltd, New

Zealand.

4.2.1 Bacterial growth and cell harvesting conditions

Lactobacillus paracasesubspparacaseiCRL 431 (ATCC 55544) was grown batch-
wise in a 5 L durham bottle in 55 gIMRS medium (Merck KGaA, Darmstadt, Ger-
many) at 37 °C. The cells in the stationary phask after inoculation were harvested
by centrifugation (10 min at 15000gq, in a Sigma&® entrifuge (Sigma Laborzentri-
fugen GmbH, Osterode am Harz, Germany). The hasestlls were washed in (5 gL
buffered peptone water, (Merck), resulting in d pellet containing ~ 3 x & CFU/g

of dry pellet. WMP was reconstituted in purifiedterato 35% (w/w) and then the fresh-

ly harvested bacterial pellets were dispersedratonstituted milk for 30 min prior to
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the spray drying- or freeze drying process; thssilted in 1.1%.. paracasein the milk
powder on a dry weight basis. For fluidized bedmlyythe harvested cells were mixed

manually with whole milk powder for 10 min to foranuniform mass before drying.

4.2.2 Drying processes

Three types of drying technologies were used irptiesent study: spray drying, freeze

drying and fluidized bed drying.

4.2.2.1 Spray drying

Spray drying process comprises of the atomizatfaan lmuid feed into a spray of drop-
lets and upon contact with hot air in the dryin@riber; these droplets forms dried
powders. The spray drying process was carried ow pilot-scale spray drier (model
MOBILE MINOR, GEA Niro, Sgborg, Denmark (Figure $.Lising a co-current spray
nozzle with an inlet air temperature of 100 °C andoutlet temperature of 45-48 °C,
manually adjusted by controlling the feed flow ré@avez and Ledeboer, 2007; Hsiao
et al. 2004). The probiotic bacteria are sensitivéemperature and therefore the spray
drier setting was optimized to co-current airflogttgng. In co-current setting, the dry-
ing air and particles move through the drying chamh the same direction. This re-
duces the heat damage as compared to the countentcairflow settings. The inlet air
temperature was lowered to 100°C, which resultddvrer outlet temperature between
45-48°C, thereby minimizing the heat damage onctils (Hsiao et al. 2004; Chavez

and Ledeboer, 2007).

4.2.2.2 Freeze drying

Freeze drying process involves a process knownubBngtion, whereby water is

removed from solid to gaseous state without then&dion of liquid state. In the freeze
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drying process the products are firstly deep froae then dried. For freeze drying, the
whole milk—bacteria suspension was spread evetyarthin film and frozen at —80 °C
in plastic bags. Freeze drying was carried out egiosntly in a pilot-scale freeze drier
(model FD18LT, Cuddon, Blenheim, New Zealand (Fegdr2)) at 0.2 mbar vacuum

for 96 h, with a start temperature of ~30 °C anéhtemperature of 25 °C.

Figure 4-2 Image of freeze drier, model FD18LT, Gaml
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4.2.2.3 Fluidized bed drying

In the fluidized bed drying process air travelsotlgh the bed of particles with suffi-
cient velocity to provide fluid like behavior, atite freely suspended patrticles in the air
stream are dried by the rapid exchange of heat mads transfer. The whole
milk—bacteria mixture was dried in a laboratoryidized bed drier (model Uni-Glatt,
Glatt GmbH, Binzen, Germany) with dehumidified cosgsed air at 40 °C (refer to

Chapter 3).

4.2.3 Particle size distribution, water activity and ntare content

4.2.3.1 Particle size distribution

The patrticle size distribution of the dried-prolmetontaining powder was measured
using a Malvern Mastersizer 2000 instrument (Malveistruments Ltd, Malvern, UK).
The Mastersizer 2000 uses the principle of laséradiion to measure the size of parti-
cles. It measures the intensity of light scatteasdhe laser beam passes through a dis-
persed particulate sample. This data is then aedli@ calculate the size of the particles
derived from the scattering pattern. The Scirod@@02used in the study is an automated
dry powder dispersion unit for the Mastersizer 2@@bticle size analyzer. In case of
dry powder dispersion, the dispersant is usualfipwing gas stream; in this study it

was clean dry air.

4.2.3.2 Water activity and moisture content analysis

Water activity &,) was measured using a Decagon AqualLab 4TE watiertpdnstru-
ment (Decagon Devices Inc., WA, USA) at 25 °C. Theisture content from 1 g of
sample was measured after drying for 3 h at 102@& i a ventilated drying oven Con-
therm Series 5 (Contherm Scientific Limited, Uppautt, Wellington, New Zealand)

and cooling for 60 min in a desiccator containifiga desiccant (Isengard, 2008). The
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term moisture content and water content have béen ased interchangeably to repre-
sent the quantity of water in a given product. Taasture content provides information
about texture of amorphous carbohydrates (lactossase of dairy matrix), since in-
creasing levels of moisture provides water mobdityl lowers the glass transition tem-
perature. Water activity represents the energystat the water in the system. It is de-
fined as the ratio of the vapor pressure of watea sample to the vapour pressure of
pure water at the sample temperature. Water actwitl moisture content may provide

a better understanding of the water in the system.

4.2.4 Storage conditions

All samples of dried powder were immediately staredesiccators under vacuum at 25
°C and under the following conditions: 0.4 (saturated aqueous LiCl); 0.33 (satu-
rated aqueous Mggl 0.52 a, (saturated aqueous Mg(N@). Thesea, values are
similar to those encountered in tropical and mdlishates, under closed and open can
condition (Weinbreck et al. 2010). The analyticeddg salts were obtained from Ther-

mo Fisher Scientific New Zealand Ltd, Auckland, Néealand.

4.2.5 Enumeration of viable bacteria

After a 10-day equilibration period, powder samplese prepared each week, over a
total period of 105 days, for the enumeration @ity by homogenization in sterile
buffered peptone water (5 gL-1, Merck) for 5 mimngsa Stomacher 400 Lab Blender
(Seward Medical, London, UK). From this homogendaf@fold serial dilutions were
made in the same sterile buffered peptone watervear@ used for microbiological

analyses, and the diluted samples were pour ptatddRS agar plates (Merck). Viable
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cell counts were determined after 48 h of inculmatiader aerobic conditions at 37 °C.

The colonies counted were recorded as colony-fagramits per gram of product.

4.2.6 Characterization of powders

4.2.6.1 Helium pycnometry

The pore volumes of the powders were measured avifccuPyc 1330 pycnometer
(Micromeritics, Norcross, GA, USA). At first thelgbvolume of the sample was meas-
ured and thereafter the sample was crushed to exigotated pores. The resulting
measure of specimen volume is combined with anrately determined specimen mass
to obtain the skeletal density. The system wadkd before each measurement using
a reference sphere, and each measurement wased€atimes or until the standard

deviation of the results was below 0.05%.

4.2.6.2 Scanning electron microscopy

In a scanning electron microscopy, a beam is fatosto the sample surface kept in a
vacuum by electro-magnetic lenses; thereafter #asrbis scanned over the surface of
the sample. The scattered electrons from the saarpléed into the detector then to a
cathode ray tube through an amplifier, where thages are formed providing valuable
information related to surface topology. For thigdy, the powders were mounted on
double-sided tape and sputter coated with gold,dagithl images were recorded with a
Quanta 200 scanning electron microscope (FEI, lbtils, OR, USA). Digital images

were captured and saved at the required magnditati

4.2.6.3 Confocal laser scanning microscopy
The structure of the powders was studied using & #D confocal laser scanning mi-
croscope (Leica Lasertechnik, Heidelberg, Germaiije microscope used for this

study is fitted with means to acquire 12-bit imagsmg four distinct detectors for fluo-
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rescent signals from fluorophores excited by fasets (Argon, DPSS, HeNe, UV) and
a transmission detector for bright-field imagesGIBriefly, the powder sample was
prepared for microscopy by mixing powder samplehv@iyto9/Syto 24 and Propidium
iodide (PI) stain solution, followed by overnightcubation at 25°C before analysis.
Syto9 solution was prepared by addingu20of 500 mmol syto9 solution (Invitrogen)
to 960uL of glycerol and 2QuL of water), while the PI solution was made by add20

uL of Img/ml Pl (Sigma) stock solution to 96Q of glycerol and 20uL of water.

Glycerol was found to leave the powder structutadty while the water aided in the

diffusion of the dye in the samples.

4.2.6.4 X-ray diffraction

The interaction of the X-ray beam with the crystathe sample causes diffraction. The
angle of diffraction provides information regarditige crystal nature of the substance.
X-ray diffraction is a useful technique to determihe presence of crystals in a sample.
Crystals are solids which are exact repeat of syimenmotif. Molecules in crystals are
arranged in symmetrically as compared to those mmorphous solids, where the
arrangements are random. X-ray powder diffract®m@n optimal tool to differentiate
between amorphous lactose and crystalline lactodieei powders. The X-ray diffraction
patterns of powdered samples were recorded on a8RW@Viliffractometer (Philips,

Amesterdam, The Netherlands) using Gordiation.

4.2.6.5 Thermogravimetric analysis/Differencial scanning céorimetry

(TGA/DSC)

Thermal gravimetric analysis was conducted usinQ6®0 (TA instruments, USA),
which provides simultaneous measurement of the Wweaigange (TGA) and the true

differential heat flow (DSC) on the same samplectEbacterial powder sample stored
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at different water activity was accurately weigleith 50uL alumina crucible using the
TGA/SDTA microbalance. The powder sample was hefitwd 25 to 300°C at a heat-
ing rate of 5°C.mift; under nitrogen flush (50 mL.mf). The instrument measured the
change in mass and recorded the temperature pesfdewas calibrated using indium.
Data were analyzed using the TA Advantage softWaravindows (TA instruments,

USA).

In thermogravimetric analysis, the amount and o&tehange in the mass of a sample is
measured, while the sample is heated at a const@nfor at a constant temperature) in
a controlled atmosphere (under air or nitrogen).TiGAeffective in providing infor-
mation of mass changes such as evaporation, ddloyydegc. which was used to vali-

date the moisture content analysis of the samples.

Differential scanning calorimetry (DSC) typicallyeasures the amount of heat ab-
sorbed or released by a sample as it is heatedabed or kept at constant temperature
(isothermal), ie. when the sample undergoes a palysiansformation, such as phase
transitions, more (or less) heat will need to flait than the reference to maintain both
at the same temperature. The sample and refereatiah are simultaneously heated
or cooled at a constant rate. The difference imperature between them is proportional
to the difference in heat flow (from the heatingise i.e. furnace) between the two
materials. When a sample undergoes exothermic ggesgsuch as crystallization) less
heat is required to raise the sample temperatwen@nitoring the difference in heat

flow between the sample and reference, differesgahnning calorimeter measures ac-

curately the amount of heat absorbed or releasedgisuch transitions.

Statistical analysis was carried out as describetdd.6.9.
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4.2.6.6 Fourier transform infrared (FT-IR) spectroscopy

FT-IR encompasses the absorption of electromagretiation in the infrared region of
the spectrum, leading to changes in the vibrati@ma&rgy of molecule. All molecules
within a compound would have vibrations in the fooistretching, bending, etc., the
absorbed energy thereby leads to a change in ef@rghs. Fourier transform infrared
spectroscopy is an easy way to determine the fumaitigroup in a molecule and study
changes in them. It simultaneously collects spedata in a wide spectral range. FT-IR
is able to resolve fat, protein, lactose and wasitéV/MP embedding matrix. Attenuated
total reflectance (ATR) spectra were acquired usirggrmanium- ATR crystal mount-
ed in a nitrogen purged Nicolet 5700 FT-IR (TherBElectron Scientific Instruments
Corp., Madison, WI USA) with O and CQ background subtractions. Bacteria-
containing powdered samples were kept in good alptiontact on the germanium sur-
face. The system was operated under OMNIC versitnahd Spectra of 128 scans
were taken with a spectral resolution of 4 tnThree spectra of individual samples
were recorded, a total of 27 ATR spectra of baateantaining powdered samples were
recorded one month after manufacture and storaderwonditions of controlled water

activity.
Statistical analysis was carried out as describet2.6.9.

4.2.6.7 Raman spectroscopy

Raman spectroscopy provides complementary infoomat that provided by FT-IR.
Raman spectroscopy is based on the inelastic sogttef laser light which interacts
with the electron cloud and the bond of a molecdlere, a laser beam (near-IR region)
is directed to the sample and the scattered radiasi collected. Most of the scattered

radiation has the same wavenumber as that of theeint laser beam, while a fraction
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has a different wavenumber. The photon excitesrtbkecule from a ground state to a
virtual energy state, and while relaxing the molecemits a photon and returns to a
different rotational or vibrational state. Thistiee Raman signal and characteristic of
particular functional group and provides information the structure of the molecule.
For Raman spectroscopic analysis, the powder wakepatightly into divots and
smoothed on top to give a flat measurement surf@aean spectroscopy was carried
out on the Bruker Equinox 55 interferometer equippéth the Bruker FRA 106/S FT-
Raman accessory (Bruker corporation, Billerica, 8éatusetts (USA)), with the source
Nd:YAG laser set at 1064 nm. The focused apertateéng giving 300 um diameter
spot size was used, with the 120 mW power setfiff,scans per spectrum and spectral

resolution of 2 cil. Each sample was measured in triplicate
Statistical analysis was carried out as describetd2.6.9.

4.2.6.8 Nuclear Magnetic Resonance (NMR)

Spatial proximity and chemical bonding between adeads to interactions between
nuclei. These interactions are dependent on teatation of the molecule. In solid me-
dium such as crystals and powders, anisotropicdot®ns influence the behavior of a
system of nuclear spins. The, solid-state NMR speste very broad, because the full
effects of anisotropic or orientation-dependeneriattions are observed in the spec-
trum. Magic angle spinning introduces artifical matby placing the sample rotor at a
magic angle (54.74), when combined with cross [d#on, polarization from the
abundant nuclei likéH can be transferred to dilute rare nuclei {R€ in order to en-
hance signal to noise. THEC solid state NMR spectrum is very useful technitue
study molecular mobility. It reflects the fact thatery molecule has a magnetic envi-

ronment which repeats regularly so as to produeheer narrow dispersion of chemical
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shifts. On the contrary, in the presence of mokecdisorder, the dispersion is larger

due to the large number of environments, and mareiswariable with time.

Solid state™*C MAS NMR with cross polarization (CP) was usedctmracterize the
changes that occur in the matrix during storage NIMR analysis was conducted in a
Brucker (Rheinstetten, Germany) DRX 200MHz horiabiore magnet. Finely ground
samples were packed into a 7 mm diameter cylindaceaonia rotor with Kel-F end
caps and spun at speeds of 5.0 £ 0.2 kHz in ardgahance magnetic angle spinning
(MAS) probe from Doty Scientific. During acquisitiothe sample temperature was
maintained at 20 °C. Solid-stdfic MAS NMR spectra were obtained at*& frequen-
cy of 50.3 MHz on a Bruker (Rheinstetten, Germab®X 200 MHz spectrometer.
Free induction decays FIDs were acquired with aepme@idth of 30 KHz; 960 data
points were collected over an acquisition time 0ffis. The CP-MAS spectra were
acquired with @H 90° pulse for 5.5 pus, a cross-polarization cartiawe of 1000 ps, an
acquisition time of 30 ms, relaxation time of 2relal k scans. All spectra were zero
filled to 4 k data points and processed with a B.80Gaussian broadening. Chemical

shifts were externally referenced with glycine.

4.2.6.9 Statistics — principal component analysis (PCA)

PCA is a useful statistical technique and is a comtechnique for finding patterns in

data of high dimension. The TGA/ DSC, FT-IR, Rarsgectroscopic data was simpli-
fied using PCA which aided in better interpretatafiresults. For PCA processing, all
the acquired spectrums were converted to “csv” &remd pre-processed for PCA by
standard normal variate (SNV) normalisation. Noigzadion and PCA were performed

using the R program (Wehrens and Mevik 2007). Sptots of the first few PCs were

constructed with color-coding of the replicated pas to exhibit the achieved within-
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and between-sample separation. To obtain detaith@eomponents of the spectra that
are separating samples, the loadings plots for edeliant PC were further analyzed to

identify the peaks contributing to the separation.

Since patterns in data can be hard to find in datagh dimension, where the graphical
representation is not available, PCA is a powddal for analyzing data. Once the pat-
terns in the data are found the data can be cosgudsy reducing the dimensions with-
out much loss of information. PCA analysis carreed in this study is descriptive, of
exploratory nature, and the description certaihlgveed separation between the groups.
Typical R- program used in the study to carry o0ARf the FT- IR spectrum is shown

below.

# READ IN DATA:
Spectra<-read.csv("PCA.CSV")
head(Spectra)

tail(Spectra)
n<-dim(Spectra)[2]

r<-3 # Number of replicates - change as necessary

# PLOT WITH/WITHOUT NORMALIZING:

par(mfrow=c(2,1))
matplot(Spectra[,1],Spectra[,2:n],type="1",xlab="weano."ylab="Absorbance",main="Raw")
X<-scale(Spectra[,2:n],center=TRUE,scale=TRUE)

matplot(Spectra[,1],X,type="1",xlab="wave no.",yRtAbsorbance",main="Normalized")

# REMOVE INERT WAVELENGTHS:
SpectraR<-Spectra[(Spectra[,1]<3600),]
SpectraR<-SpectraR[(SpectraR[,1]<1900)|(Spectrgr]/50),]

SpectraR<-SpectraR[(SpectraR[,1]>=750),]
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head(SpectraR)

tail(SpectraR)

# RESCALE AFTER REMOVAL:
X<-scale(SpectraR[,2:n],center=TRUE,scale=TRUE)

matplot(SpectraR[,1],X,type="I",xlab="wave no." pk'Absorbance")

# PLOTTING AFTER REMOVAL :
Waxis<-SpectraR[,1]-850*(SpectraR[,1]>1900)
par(mfrow=c(2,1))

matplot(Waxis, X, type="1",xaxt="n",xlab="Wave no.'lab="Absorbance",main="Scaled")
axis(1, at=c(1000,1500,1900,2150,2650),labels=c{IBDO,"*",3000,3500))
abline(v=1900)

matplot(Waxis,SpectraR[,2:n],xaxt="n",type="I",xkalwave
no.",ylab="Absorbance",main="Unscaled")

axis(1, at=c(1000,1500,1900,2150,2650),labels=c{1IBDO,"*",3000,3500))
abline(v=1900)

# PCA USING PRCOMP():

SpectraR.pca<-prcomp(t(X))

summary(SpectraR.pca)

screeplot(SpectraR.pca)

LoadMat<-SpectraR.pca$rotation

ScoreMat<-predict(SpectraR.pca)

#locator()

> row.names(t(X))

[1]"FBD.0.1" "FBD.0.1.1""FBD.0.1.2" "FBD.0.3""FBD.0.3.1"
"FBD.0.3.2" "FBD.0.5"

[8] "FBD.0.5.1" "FBD.0.5.2" "FZD.0.1" "FzZD.0.1'1FzD.0.1.2"

"FzZD.0.3" "FZD.0.3.1"

[15] "FZD.0.3.2" "FZD.0.5" "FzZD.0.5.1" "FZD.0.5:2SPD.0.1"
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"SPD.0.1.1" "SPD.0.1.2"

[22] "sPD.0.3" "SPD.0.3.1""SPD.0.3.2" "SPD.0.5'SPD.0.5.1" "SPD.0.5.2"
Symbol<-¢(0,0,0,1,1,1,2,2,2,15,15,15,16,16,16,1115,5,5,6,6,6,8,8,8)

Colour<-c("black" ,"black" ,"black" ,"black" ,"bld¢ ,"black" ,"black" ,"black" ,"black" ,"black",
"black" ,"black" ,"black" ,"black" ,"black" ,"black,"black" ,"black" ,"black" ,"black","black" ,
"black" ,"black" ,"black” ,"black" ,"black" ,"black

par(mfrow=c(2,1))

plot(Waxis,LoadMat[,1],type="I",xaxt="n",xlab="Wave
no.",ylab="Loadings",main="PC1",ylim=c(-0.15,0.2)|s"blue",lwd=3)

abline(h=0)

axis(1, at=c(1000,1500,1900,2150,2650),labels=d1EDO, *",3000,3500))
abline(v=1900,lty=2)

plot(Waxis,LoadMat[,2],type="1",xaxt="n",xlab="Wave
no.",ylab="Loadings",main="PC2",ylim=c(-0.15,0.2)|s"blue",lwd=3)

axis(1, at=c(1000,1500,1900,2150,2650),labels=¢{1EDO,"*",3000,3500))
abline(v=1900,lty=2)

abline(h=0)

locatorplot(ScoreMat[,1],ScoreMat[,2],type="n"x&PC1",ylab="PC2")

for (iin 1:(n-1))

{ text(ScoreMat][i,1],ScoreMat[i,2],row.names(Scoratyfi],cex=1.5,col=ceiling(i/r)) }
plot(ScoreMat[,1],ScoreMat[,2],xlab="PC1 (46%)" pta'PC2
(34%)",pch=Symbol,col=as.character(Colour)

,bty="1",cex=2)

abline(h=0,lty=2)

abline(v=0,lty=2)

legend("topleft”,inset=0.02,
legend=c("FBD12","FBD32","FBD52","FZD12","FZD32",’2D52","SPD12","SPD32","SPD5
2"),

pch=rep(c(0,1,2,15,16,17,5,6,8),c(1,1,1,1,1,1,)) kdl=rep(c("black"),9))

abline(h=0,lty=2)
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abline(v=0,lty=2)

Three batches of powders were made for each dpiagess; two batches were fully
analysed for chemical and structural analysis. rfEselts shown in the present study are
that of batch 1. The results obtained from othdches showed similar trends to that

obtained from batch 1.

4.3 Results and Discussion

4.3.1 Storage stability

The goal of this work was to understand the impadrying methods on the survival of
L. paracaseiin a whole milk powder matrix during storage at Z5. Three drying
methods, i.e. freeze drying, spray drying and fhed bed drying, were compared. Im-
mediately after drying, the bacterial viability waseasured and the plate counts of the
freeze dried powder, spray dried powder and fleédibed dried powder were 9.94
+0.03 log CFU g, 9.76+ 0.05 log CFU §and 9.27+ 0.03 log CFU 'y respectively
(Figure 4.3 a-c). For the spray drying and freezgnd process, the bacterial pellet was
dispersed in the reconstituted whole milk powddoteedrying. Therefore, the differ-
ences in the initial count between spray- and #edrzed powder probably reflect the
small loss of viability due to temperature riseidgrspray drying, although relatively
low inlet and outlet temperatures were used. Howewecase of fluidized bed dried
powder, the bacterial pellet was mixed manuallyhwdty milk powder in a separate
batch process. Therefore, the slightly lower ihiteunt was probably due to some vari-
ability in handling and transferring bacterial pédl into milk powder and/or losses dur-

ing fluidized bed drying itself.
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The viability counts decreased during the equitibraprocess and storage thereafter at
25 °C. After 10 d of equilibration period (baseln&eeze dried powder stored gt a
values of 0.11, 0.33 and 0.52 had viability couwft§.63+0.09 log CFU g, 8.70+0.10
log CFU g and 6.87+0.21 log CFU grespectively. Under the same conditions, spray
dried powder stored aty,avalues of 0.11, 0.33 and 0.52 had viability couofs
9.45+0.13 log CFU ¢, 8.69+0.05 log CFU §and 7.47+0.49 log CFU grespectively,
whereas fluidized bed dried powder stored,avaues of 0.11, 0.33 and 0.52 had via-
bility counts of 9.17+0.17 log CFU'g 9.16+0.08 log CFU §and 8.13+0.11 log CFU
g™ respectively. The powders that had been stor@dlata, showed a slow loss of via-
bility over the 105 d regardless of the drying nogthBy contrast, when stored at 0.52
aw, all powders showed a complete loss of viabilityhua 22 d. At the intermediate
0.33 a,, there were marked differences in bacterial vigbbetween the three drying
methods. The fluidized bed dried powder showedstoeest decline in viable bacterial
count during the 105-day period, 9.27+ 0.03 to #.9D7 log CFU d, the freeze dried
powder showed the fastest decline, 9.94+0.03 t4+065 log CFU g and the spray
dried powder was intermediate, 9.76+0.05 to 7.64%00g CFU ¢ (Figure 4.3 a-c). As
expected, for any individual drying method, the Initgy conditions during storage of
the dried powders were important, with higher hutyiteading to a loss of bacterial
viability. What we need to understand is how thiedences in storage stability be-

tween the powders produced by different drying mésharise.
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Figure 4-3 Effect of drying techniques on the Viipobf L. paracasepowders during storage at
25 °C under controlled water activity conditions) {luidized bed drying; (b) spray drying; (c)
freeze drying; square®.11 a,, circles, 0.33a,; triangles, 0.52,. Error bars represent stand

deviation of means &8)

4.3.2 Moisture content

The moisture contents of the powders obtained o @& the three methods were dif-
ferent (Table 4-1). The freeze dried material Haellbwest moisture content, the spray
dried material had the highest moisture contentemte fluidized bed dried material
had an intermediate moisture content. On equilibgadt 0.11a, or 0.33a,, the mois-
ture content increased or decreased depending etharmhthe equilibration humidity

was less or greater than the initial moisture auntdowever, the situation was differ-
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ent when equilibration took place at 0.&¢2 in this case, the moisture content was less

than that for the powders equilibrated at Ga33suggesting higher proportions of water

in the sample became more strongly bound, e.gagerwf crystallization.

Table 4-1 Moisture content of powders prepared qudiifferent drying techniques and

containingL. paracasei31 after equilibration at different water actyvit

Drying Moisture | a, before | Moisture con-| Moisture con-| Moisture con-
technology| content | equilibration| tent after tent after tent after
(%) equilibration | equilibration | equilibration
at 0.11a,, (%) | at 0.33a, (%) | at 0.52a,, (%)
Fluidized 3.94 0.280 1.67 +0.19% | 4.81 +0.02 4.17 +0.14
bed drying| 0.14
Spray dry-| 7.17 + 0.470 256 +0.02 | 5.11+0.03 | 4.54+0.08
ing 0.09'
Freeze 1.67 + 0.098 249 +0.13 | 5.43+0.08 4.57 +0.09
drying 0.19

& Error values represent stand deviation of mean3)(n

These results suggest that the initial moisturdestn of the dried powders do not seem

to be an important factor in the long term storagdility of the L. paracaseiPrevious

studies have shown the importance of the moistonéeat in the viability of bacteria in

powders during storage, with an increase in mastantent leading to a rapid loss of

bacterial viability (Gunning et al. 1995; Hsiaoabt 2004; Miao et al. 2008). It was ob-

served that the moisture contents of the powdenedtat 0.11a, were in the range

1.7-2.6% and, at this low level, the bacterial uigbwas retained for long periods. At

0.33 a,, the moisture contents of the stored powders isedo 4.8-5.4%, which ad-
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versely affected the bacterial viability; smallfdiences in moisture led to large differ-
ences in the bacterial viability loss during therage period (Table 4-1). High bacterial
viability count was observed during storage at (allmong the powders and freeze
dried powder had higher amount of live bacteriawkleer, the problem arises when
freeze dried probiotics are applied into producishsas infant formula, breakfast cere-
als, muesli etc. These food products have inhagnrtalues ranging from 0.2-0.4 and
the present results indicate that the fluidized dedd powder may be more effective
ingredient solution for such applications, as ke up lower moisture (fluidized bed
drying, 4.81% vs freeze drying 5.43% at 0.3R @t highera,, during storage (0.53,),
the moisture content continued to increase, withete loss of bacterial viability lost

among the powders within 21 days of storage.

4.3.3 Powder morphology and porosity

The three drying methods resulted in different pemmorphologies. The fluidized bed
dried powder had a structure consisting of agglameer spheres, the spray dried pow-
der showed largely individual spherical particlesiles the freeze dried powder had a
porous-sheet-like structure (Figure 4-4). The phatsize of the fluidized bed dried
powder (estimated using light scattering) was mydstithe range 100-700 um whereas
that of the spray dried powder was 20-100 um. Rerfieeze dried material, the parti-
cle size was dependent on the grinding post tregtnie this study, the particle size
was mostly in the range 100-1000 um. The fluidized- and spray dried materials had
similar bulk porosities of 50.3 and 51.5% respetivThe connected porosity for these
powders was approximately 38%. However, the frekma material had a higher bulk
porosity of 77.5%, most (71.2%) of which comprissshnected pores (Table 4-2; Fig-

ure 4-5).
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These differences in morphology, including the gdyoand the structure, of the pow-
ders could explain the variations in moisture cohsédter storage in controlled humidity
environments between the powders produced by difteirying methods. The moisture
content after equilibration at controlled humiditgs highest for the freeze dried mate-
rial and lowest for the fluidized bed dried matke(ibable 4-1). It is likely that water

was primarily absorbed initially to powder surfacéke surface area for water absorp-
tion depends on both the particle size and thegpyrorhe fluidized bed dried powder

had the lowest surface area, which was probablyiihgd the lowest moisture content
after storage in a controlled humidity environmddy.contrast, the freeze dried materi-
al had the highest connected porosity, providingrge internal surface area for water
absorption, which may have been the reason fdrigis moisture content after storage

in a controlled humidity environment.

Table 4-2 Porosities, obtained by helium pycnometf various powders containing.

paracasei31.
Sample Connected porosity| Isolated porosity Bulk porosity
(%) (%) (%)
Fluidized bed 38.5 11.8 50.3
dried
Spray dried 38.0 13.5 51.5
Freeze dried 71.2 6.3 77.5
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Figure 4-4 Scanning electron microscopy images @fders containing.. paracasei431

obtained by (a) fluidized bed drying, (b) spray idgy and (c) freeze drying.
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v

Connected porosity

Figure 4-5 Schematic representation of the poessibf the powders: (a) connected porosity; (b)tsal porosity; (c) bulk porosity. Isolated porosity
was observed in the scanning electron microscogés of (d) the fluidized bed dried powder andt(®) spray dried powder and significant

connected porosity was observed in (f) the freemzigpowder.
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Figure 4-6 Confocal laser scanning microscopy irsageth differential interface contrast (DIC) an@magnification of a) freeze dried b) fluidized

bed dried c) spray driddactobacillus paracaset31 powders, live (green) and dead(red) indicagditle and dead bacteria.
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Confocal laser scanning electron microscopy im#ge&gire-4-6) shows the distribution
of bacteria in the powder matrix. Live and deadté@al distribution could be observed

indicated by green and red spots within the powaaksrix.

4.3.4 Powder structure Characterization

4.3.4.1 X-ray diffraction

The powders prepared from whole milk containingaracasewere X-ray amorphous
when freshly dried and after equilibrationsgtvalues of 0.11 and 0.33. However, after
equilibration at 0.52,, the materials showed clear Bragg peaks, indigaome crys-
tallinity (Figure 4-7). The diffraction patternsudd be assigned t®-lactose for the
spray dried and freeze dried powders (Kirk et @072 Shawqi Barham et al. 2006), but
the major component in the fluidized bed dried persdvas not clear, although it was

likely to be a polymorph of lactose. 2D X-ray d#@tion data is included in Appendix

A-2.
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Figure 4-7 X-ray diffraction for powders containihg paracasei prepared using (a) fluidized

bed drying, (b) spray drying and (c) freeze dryamgl equilibrated at 0.5%,.
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4.3.4.2 Fourier transform infrared spectroscopy

The FTIR spectra of the powders prepared from wihal& containingL. paracasei
were used to identify the major components, i.e. geotein, lactose and water. PCA
was also used to compare the complete FTIR spdéaim each of the moisture-
equilibrated powders. This method looks for staiadtdifferences between the spectra
and separates them based, not on prior knowledgieeothemical significance of the
spectral components, but on purely statisticakedet For this analysis, the spectrum
from 750 to 3600 cit was used, with the exclusion of the region 190G62&m*

(Figure 4-8).

The resulting scores plot for PC1 versus PC2 shanadar separation (Figure 4-8 ¢
and d). PC1 was characterized by positive load&aks at 1036, 1071 and 1099 ¢m
(which were due to lactose), 1642 and 1543'dfirom the amide | and amide Il re-
gion), 1157, 1736, 2850 and 2920 ¢rtharacteristic of milk fat) (Islam and Langrish,
2010; Lei et al. 2010) and 1643 and 3404 cfdue to OH stretching). PC2 showed
positive loadings fou-lactose monohydrate (peaks at 875, 896 and 916 ¢Kirk et

al. 2007).a-Lactose monohydrate crystal patterns have prelyjidaeen observed in the
forced crystallization of fluidized bed dried mplowder (Yazdanpanah and Langrish,
2011). Negative PC2 loadings mainly arose from paafresenting-lactose at 834,
873, 889 and 942 C_rJn(Kirk et al. 2007) and fat at 1172, 1472, 174&@8and 2920

cm* (Lei et al. 2010) (Table 4-3).
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Figure 4-8 Infrared spectrum of freeze dried, sptdgd and fluidized bed dried bacterial powderedioat 0.11, 0.33 and 0.52 after SNV pre-
processing b) Principal component analysis of FTsfiectrum of freeze dried (circle), fluidized beded (square), and spray dried (triangle)
paracaseipowders after 1 month storage at 25°C and corttollater activity conditions of 0.1], &lack), 0.33 @ (red) and 0.52,a(blue).c) PC 1
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Table 4-3 Peaks found in the FT-IR spectra and#seciated assignments to vibrational modes aR@€ioand PC2.
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Peak
Reference position
position Peak position / cth Group Vibration mode Attribution Reference
-1
cm
PC1/PC2
Stretching anti- (Kirk et al. 2007; Lei et al.
+/- 2920 2920-2930 CH2 Fat
symmetrically 2010)
(Kirk et al. 2007; Lei et al.
+/- 2850 2850-2855 CH2 Stretching symmetrically t Fa
2010)
(Kirk et al. 2007; Lei et al.
+/- 1736/1748 1736-1745 C=0 Stretching Fat
2010)
(Kirk et al. 2007; Lei et al.
+/NA 1643 1640-1660 Cc=0 Stretching Protein (Amije |
2010)
(Kirk et al. 2007; Lei et al.
+/NA 1542 1541-1547 N-H Bending Protein (Amide II)
2010)
+/NA 1413
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NA/- 1464
(Kirk et al. 2007; Lei et al.
+/- 1157/1172 1157-1160 Cc-0 Stretching Fat
2010)
(Kirk et al. 2007; Lei et al.
+/+ 1036,1071,1099/1040,1071  1030-1150 C-0,C-C, C-0-C Stretching Carbohydrate
2010)
(Kirk et al. 2007; Lei et al.
NA/+ 990 800-1000 Carbohydrate
2010)
Carbohydrate
Ring vibration
rng Alpha lactose (Kirk et al. 2007; Lei et al.
NA/+ 903,875 875,900
monohydrate 2010)
(Kirk et al. 2007; Lei et al.
+/+ 3278,3379/3289 3404 OH Streching Water

2010)
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The PCA analysis (Figure 4-8) showed different adra with moisture uptake for the
three powders prepared by the three different drymethods. All the powders stored at
0.11a, were in the negative PC1 space, whereas the pewstlared at 0.53, were in
the positive PC1 space. The separating factor legtvlee powders stored at lower and
higher water activities was the protein hydratiorthe amide | and Il region, the OH
stretching and the fat mobility. Fluidized bed drgowder stored at 0.38, was in the
negative PC1 space whereas the spray dried arekfokeed powders stored at 0.83
were in the positive PC1 space. This suggeststkigsie was more water and greater
protein hydration in the spray dried and freezedipowders. PC2 separated the fluid-
ized bed dried powder stored at 0&2from the spray dried and freeze dried powders
stored at 0.52,,, based on the lactose crystal form and the fatilibobrhe fluidized
bed dried powder had a large amountoefactose monohydrate, whereas the spray
dried and freeze dried powders possessed mfifdgtose, as previously observed by
X-ray diffraction. Fat mobility, characterized byCH, stretching, was greater in the
spray dried and freeze dried powders than in thdifled bed dried powder. The higher
molecular mobility in the spray dried and freezeedmpowders may enable more rapid
transport of oxygen, leading to membrane lipid akiwh and consequently bacterial

death.

4.3.4.3 Raman spectroscopy

Powders with higher water activity have always b&mmd to be associated with in-
creased bacterial death. However, the presencégbfamount of water in the matrix
also creates interferences, which poses difficidtgtudy spectrum as in case of FT-IR
spectroscopy. However, Raman spectroscopy provtteddded advantage to study the

material without interfering water signals. In thest part, spectroscopic analysis of
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encapsulated bacteria and bacteria without theixna#rs carried out. The spectra of the
bacteria in the initial investigation were poor ewwith relatively long acquisition
times. This result made it impossible to look itite bacteria without the matrix. There-

fore, the study was focused on the changes in #texstabilized bacterial sample.

The principal component analysis (PCA) of the dizdxl bacterial samples stored at
controlled water activity conditions of,&.11, 0.33 and 0.52 was carried out in the
spectral regions of interest 3100-2700tand 1770-330 cth (Fig 4-9 b). PC1 ac-
counts for 63 % of total variance characterizechigh positive loading corresponding
to peaks at 358, 478, 853, 873, 1017, 1086 cm-A7 {/actose) and 2857 and 2885 cm
! (fat) (Figure 4-9 c) (Table 4-4). The crystallipat of lactose (Kirk et al. 2007) along
with the increased mobility in fat (determined ke tratio of spectral intensity at
2850/2885 (Forrest, 1978)). The crystallizationlaxftose was found to be the major
contributing factor in PC1 separation. PC2 whichoamted for 17% of the variation
characterized by positive loading correspondinggal fat, calculated from the ratio of
spectral intensity at 2850/2885 (Forrest, 1978) ahdracterized by major peak at
360cm’ corresponding to alpha lactose monohydrate (Kirkle2007) (Figure 4-9d).
This result is consistent with our previous obsgovausing FT-IR spectroscopy where
an increase in the C-H stretching was also notad result further tallied with the pre-
vious observation using XRD and FT-IR spectroscogyere crystallization was noted
at higher water activity. An increased mobilityfaf was observed at higher water ac-
tivity conditions. Fluidized bed drying techniquasvfound to have rigid structure com-

pared to the spray and freeze dried powders.



Table 4-4 Raman vibrational peaks and the assdcéagignments to PC1 and PC2

122

+/+ 358/358 357 a-Lactose monohydrate afidLactose (Kirk et al. 2007)
+/NA 478/ 475 a-Lactose monohydrate (Kirk et al. 2007)
+/NA 853 851 a-Lactose monohydrate (Kirk et al. 2007)

+/- 873/870 876 a-Lactose monohydrate afieLactose (Kirk et al. 2007)
+/NA 1017 1018 a-Lactose monohydrate afidLactose (Kirk et al. 2007)

+/- 1086/1084 1086 a-Lactose monohydrate (Kirk et al. 2007)
+/NA 1127 1126 C-C bond stretch (milk fat) (Forrei478)

(Gallier et al.
+/NA 1263 1265 Amide III (casein unordered struejur
2011)
+/INA 1270 1270 C=C cis unsaturation C-H in-plane bending of (Galét al.
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ethylene groups 2011)
(Gallier et al.
+/NA 1327 1303 PC, Pl and PS
2011)
Saturated fatty acid(CHZ2) scissoring
+/NA 1441 1443 (Gallier,2011)
(cholesterol,PC, Pl and PS)
+/+ 2857/2850 2850 C-H stretch (milk fat) (Forre178)
+/+ 2885/2884 2885 C-H anti symm stretch C-H syrstmetch (milk fat)| (Forrest, 1978)
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4.3.4.4 Nuclear Magnetic Resonance (NMR) spectroscopy

Molecular mobility has always been associated Wabterial death, a possible reason
being the increased molecular mobility increasesrtie of oxidative reactions (reac-
tions in liquid state are faster as compared tal sihte reactions). THEC solid state
NMR spectrum is very useful technique to study rool@ mobility. It reflects the fact
that every molecule has a magnetic environment hwhepeats regularly so as to pro-
duce a rather narrow dispersion of chemical shids.the contrary, in the presence of
molecular disorder, the dispersion is larger duthéolarge number of environments and
moreover variable with time. Thus a drastic de@eafsthe intensity of NMR signal
under this condition is to be attributed to thesla$ molecular order. Typical NMR
spectrum of freeze dried, spray dried and fluidibed dried powder is shown in Fig
4.10. The NMR result suggests the fluidized be@dpowder to be more stable at
higher @ storage condition. The presence of high amouratoin the samples causes
analysis of the samples by NMR difficult. Peak§@t 82, and 99, 104 are indicative of
beta lactose (Kirk et al. 2007), peaks at 62 angfid indicate the presence of
lactose monohydrate. Both spray dried and freeisa growders showed peaks at 104
regions, suggesting possilfidactose form as seen in FT-IR results. There Hzeen
overlapping lactose peak (Kirk et al. 2007) anddaak (Scano et al. 2011) in case
WMP embedding matrix making interpretation of NM&al difficult. List of"*C-NMR
peaks attributed to milk fat region is given in Aoplix Table A3. PLS-DA shows sepa-
ration between the samples stored at Oylaral 0.52 @ (Appendix Figure A3) attribut-

ed to mobility in fat region.
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Figure 4-10"°C CP MAS spectrum of a) fluidized bed dried b) gpided c) freeze drietlactobacillus paracased31 powders at 0.11 (brown), 0.33

(red) and 0.52 (green ), after 1 month storage at 25°C.
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4.3.4.5 Thermogravimetric analysis/ differential scanning @lorimetry
(TGA/DSC)

The previous finding of the importance of waterngeresponsible for bacterial death
during long term storage, made it essential toysthd characteristics of surface water,
water of crystallisation and the nature of thedaetcrystals. The TGA/DSC (thermo-
gravimetric analysis/ differential scanning calogtny) technique is useful for providing

such information. PCA score plots of the TGA/DS@(ffe 4-11, 4-12) agreed with the
XRD result and a clear separation was observeddsgtvihe higher and lower humidity

samples, on the basis of crystallization.

The DSC results showed melting peaks of crystaltwéose around 200°C, which did
not correspond to pure or B-lactose crystals (222 and 242°C); these peaks heae
arisen possibly due to the effects of proteindgs Tbservation is consistent with the
previous report of similar DSC curves (lactose mgltat 200 °C inB-lactoglobulin:
lactose powders in 30:70 and 40:60 ratio (Thomas. &004). The profile of the bound
water/surface water was observed to be differennhdistorage at controlled water ac-
tivity conditions of 0.52 g when compared to storage at lower water actofit.11 g

and 0.33 @ The TGA/ DSC results are in line with the XRDuks.
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4.4 Conclusions

It was shown that, of the three drying methods deedtabilizingL. paracasebacteria

in a whole milk powder matrix, fluidized bed dryipgovided better protection to the
bacteria during storage under ambient conditiohisis was attributed to the lower po-
rosity and the larger agglomerate size, which redube absorption of water. The low-
er absorption of water resulted in the maintenarice more rigid structure, which may
have limited molecular transport, particularly ofygen. This probably resulted in a
lower rate of bacterial death. Using fluidized lakgling, it may be possible to produce
dried probiotics in a milk powder matrix that hasdequate storage life to provide
health benefits to consumers.Effect of manganesenaalation on the viability of pro-

biotic Lactobacillus paracasei



131

Chapter 5Effect of manganese accumulation on the viability o

probioticLactobacillus paracasei

5.1 Introduction

The work reported in Chapter 4 showed that, udindized-bed drying, it is possible to
produce dried probiotics in a milk powder matrbattmetain bacterial viability during
storage. The protective effect of the fluidized-lmgling was attributed to the lower
porosity and the larger agglomerate size of thedmowparticles. After gaining insights
into the roles of matrix composition, structure ane drying process on the viability of
probiotics, it was of interest to study aspectscefl physiology that may further

improve the viability of probiotic lactobacilli dung storage.

One possible means of increasing the shelf lifeLa€tobacillus paracaseis to
incorporate manganese into the bacterium. It isebedl that manganese plays a
protective role in cells. For example, the radiatiesistant bacteriunbeinococcus
radioduransfeatures high cellular levels of manganese, wiiahe been attributed to
the remarkable survivability of this microorganig®aly et al. 2004). Manganese has
also been found to play an anti-oxidative rolelia hematod€aenorhabditis elegans
(Lin et al. 2006). It has been observed thattobacillus plantarunaccumulates large
amounts of inorganic manganese {3® mM), which has been associated with the
activity of superoxide dismutase, thereby helpimg bacterium to survive under harsh
environmental conditions and protecting it agaiosidative damage (Archibald and
Fridovich, 1981a, 1981b; Barnese et al. 2008, 2Ky et al. 2004). It was therefore
of interest to study whether or not the abilityLofparacaseito maintain viability in a

milk powder matrix during storage is enhanced lgyabcumulation of manganese.
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Modification of the growth phase and the cell hatigy conditions have been
investigated to enhance the stress tolerance kwvelto improve the robustness of
probiotic cultures, as indicated in the literatureview (Chapter 2). Therefore,
optimization of the growth phase, the medium ardcill harvesting conditions may be
worthy of further exploration to improve the shigié of bacteria. The stress resistance
of a bacterial culture is dependent on the growthsp. For instance, bacteria that enter
the stationary growth phase develop a generalsstesistance. The increased stress
response of stationary phase cells, compared waittebia in the log phase, has
previously been correlated with carbon starvatind the exhaustion of available food
resources; these conditions trigger responsesatioat cell survival (Van de Guchte et
al. 2002). For example, probiotitactobacillus rhamnosusspray-dried powders
retained high viability (over 50% survival; 2.9 %°1CFU/g) when produced from
stationary phase cells, whereas the same prolbatiterial powders made from early
log phase cultures exhibited only 14% survival @oan et al. 2004). These findings
led researchers to believe that improved bactesi@bility during storage may be
achieved by utilizing bacteria in the stationaryapé. The scope of the current study
was therefore widened to determine whether theeas®d stress resistance of stationary
phase cells is related in any way to the level ahganese accumulation in these cells.
As manganese has the ability to scavenge freealadand to provide protection against
oxidative conditions, any difference in the levélnsanganese ions may explain why
stationary phase cells are more robust than eadyphase cells. Past studies have
focused on the changes in membrane fluidity, wébpect to changes in the growth
medium and the growth conditions, as being respts$or loss of viability (Yao et al.
2008). However, the focus of the work describedhis chapter was to determine

changes in the concentration gradient of metal guréng different stages of growth,
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growth in manganese-rich and manganese-deficiedianaad their effects on bacterial

viability during storage.

To ascertain the accumulation of manganese in, delsze-dried bacterial cells af
paracaseiwere studied using energy-dispersive X-ray spscbopy (EDS) and the
accumulation was also established using inductigelypled plasmanass spectrometry
(ICP-MS). Subsequently, sections containing embeddetelaavere examined using
scanning electron microscopy (SEM) to locate etecttense deposits of the bacteria.
These electron-dense spots were further resolvadg uslectron energy loss
spectroscopy (EELS) and EDS mapping. As neithethe$e techniques was able to
resolve the electron-dense particles observed Sklg, possibly because of the very
small particle size (less than 20 nm), it was thmuthat an X-ray fluorescence
microscopy (XFM) technique would allow unequivoantification of manganese in
these deposits (and elsewhere in the cell). SytrciimeXFM is a viable tool for the non-
invasive characterization of hydrated cells, witspatial resolution of about 150 nm,
and would be ideal for studying manganese in biactervivo. Therefore, synchrotron
XFM was employed to determine changes in the elémhenmposition ot.. paracasei
ATCC 55544, during growth (manganese-rich mediumsy® manganese-deficient
medium) and as a function of the physiological giowstate (early log phase versus
stationary phase). Further, the changes in cdllityaduring storage were assessed by

embedding the bacteria using fluidized-bed dryingd storing the milk powder matrix.
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5.2 Materials and methods

5.2.1 Bacterial growth conditions

A fresh culture olL. paracaseiwas grown in MRS broth and was harvested aftein 18
of growth at 37°C, under microaerophilic conditiohke harvested bacteria were freeze

dried (using parameters as outlined in Sectior2£}p.

For the XFM study, the bacteria were grown in MR&mm and were harvested after
4 and 18 h (as outlined in Section 3.3.1). Thedyactvere also grown in reconstituted
MRS broth (without added manganese) and were hadeafter 18 h. Typical

composition of MRS broth and reconstituted MRS Ibraithout added manganese is

shown in Appendix Table Al.

5.2.2 Embedding of bacteria

The bacteria were embedded in a milk powder maisixg a fluidized-bed drying
technique (as described in Section 4.3.2.3) ané wtared at a water activity of 0.33 at

25°C for a period of 15 days.

5.2.3 Inductively coupled plasma—mass spectrometry atida@mission

spectroscopy

Inductively coupled plasma—mass spectrometry (ICB)}>Mand optical emission
spectroscopy (OES) were used for elemental anallfseeze-dried bacteria and milk
powder samples were digested in acid (hydrochlacid/nitric acid mix, HC:HNQ =

3:1) at 80°C for 1 h, cooled to room temperaturdted and then filtered. The
manganese content was determined at Hill Laboegt@Hamilton, New Zealand) using

either a Sciex Elan-DRCII system or a Sciex Ela@8EIRC Plus ICP-MS system
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(Perkin Elmer Life and Analytical Sciences, USAheT analysis method used was
APHA 3125B (metals by ICP-MS). Phosphorus was asalyusing ICP-OES on a
Thermo IRIS Intrepid XDL Radial system (Thermo Fslscientific, USA). The results

are expressed as mg/kgquivalent to parts per billion.

5.2.4 Scanning electron microscopy

Cells were placed on a glass coverslip and weedfin 2.5% glutaraldehyde solution
for 6 h at 4°C; they were then washed with Millw@ter and air dried on the coverslip.
The coverslip was then crushed and sprinkled alotdle-sided tape on an aluminium
SEM specimen stub; the loose particles were blofkmvith a hand air puffer and the
specimen stub was viewed using an FEI Quanta 280nstg electron microscope.

Digital images were saved at the magnificationsiireql.

5.2.5 Energy-dispersive X-ray spectroscopy

An FEI Quanta 200 system (SEM combined with EDS}k wsed to provide an
experimental determination of the elemental contosiof a specimen. To record the

elemental composition, an electron beam was scaaereds the specimen.

5.2.6 X-ray fluorescence microscopy analysis at Austragnchrotron

A synchrotron is a machine that accelerates chapgeticles such as electrons to
extremely high energies, creating an electron b#antravels at almost the speed of
light. This is done by creating strong magnetic atettric fields and simultaneously
increasing (synchronously ramping) the strengttheffields. Powerful electromagnets
are used to focus and steer the beam inside ashaged vacuum chamber, which
minimizes collisions with air molecules and allogtsrage of the beam at high energy

levels for many hours.
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Figure 5-1 Photograph of Australian Synchrotromagie ring, in which electrons travel at close

to the speed of light (Australian Synchrotron, 2012

Synchrotrons were initially used only in the figtiparticle physics, allowing scientists
to study collisions between subatomic particleshwiigher and higher energies. It was
observed that, when high energy electrons are dot@gdravel in a circular orbit, they
release extremely intense radiation — or ‘syncbrotight’. Synchrotron light has many
useful properties and can be filtered and dirededn ‘beamlines’ for use in a wide
range of non-destructive, high resolution, rapidsitu, real-time imaging and analysis
techniques. Because of the usefulness of syncirdigbt, many accelerators today
now exist solely to generate light for scientifigperiments. These facilities that are
dedicated to the production and use of synchratadmation are known as synchrotron
light sources or synchrotron radiation facilitieeyd are commonly referred to as

‘synchrotrons’ by users.

Synchrotron radiation has become a premier resdaalhfor the study of matter in
recent years. First-generation synchrotron lightrees were basically beamlines that
were built on to existing facilities and were ogedaprimarily for high energy or
nuclear physics. Second-generation synchrotront lgglurces were dedicated to the
production of synchrotron radiation and employegt&bn storage rings to harness the

synchrotron light. Current (third-generation) syrathon light sources optimize the
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intensity of the light by incorporating long strhtgsections into the storage ring for
‘insertion devices’ such as undulator and wigglegmets. Wigglers create a broad but
intense beam of incoherent light. Undulators cre@atearrower and significantly more
intense beam of coherent light, with selected wervgths, or ‘harmonics’, that can be
‘tuned’ by manipulating the magnetic field in thevite. Laboratories around the world
are now working to overcome the technical challsragsociated with the development
of fourth-generation light sources. The fourth-gatien synchrotron light source will
have a hard X-ray (wavelength less than 1 A) fleetson laser based on a very long
undulator in a high energy electron linear accéberarhis device will have a peak

brightness that is many orders of magnitude beybatlof the third-generation sources.

Figure 5-2 Photograph of Australian Synchrotrorlitgq Australian Synchrotron, 2012).

To synchrotron users, the Australian Synchrotrag g=2) provides an intense source
of light, ranging from infrared to hard X-rays, tha supplied at the end-stations of
beamlines. The high quality of synchrotron lightphoves the experimental accuracy,
clarity, specificity and timeliness compared witihose obtained using conventional
laboratory equipment. Synchrotron techniques cameigde images plus elemental,
structural and chemical information from diversenpi& types ranging from biological

materials to industrial materials. The broad rawdeavailable wavelengths allows



138

scientists to carry out a large number of multigliicary experiments from cell biology

to metallomics.

Figure 5-3 Layout representing Australian SynclomotfAustralian Synchrotron, 2012).

1. Electrons are produced at the electron gun ésgntlonic emission (Figure 5-3) from
a heated tungsten matrix cathode. Applying a 50z Mbltage signal to the gun as it
fires means that the electrons are generated iohesn2 ns apart. The emitted electrons
are then accelerated to an energy of 90 keV, bQ &\ potential difference applied

across the gun, and move into the linear accelerato

2. The linear accelerator (or linac) acceleratesdlectron beam to an energy of 100
MeV over a distance of about 10 m. This involvesedes of radiofrequency cavities
operating at a frequency of 3 GHz. Because of #tara of the acceleration, the beam
must be separated into discrete packets, or ‘buclwéh a spacing consistent with the
3 GHz acceleration frequency of the linac. Thislame at the start of the linac, using
several ‘bunching’ cavities. The linac can accdteimbeam once every second. After
the first metre of acceleration in the linac, thectons are already travelling at more

than 99.99% of the speed of light.
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3. The booster is an electron synchrotron thaB® rh in circumference and takes the
100 MeV beam from the linac and increases its gn&vg3 GeV. The booster ring

contains 60 combined function (steering and foa)sielectromagnets to keep the
electrons inside the stainless steel vacuum chamdedt a single five-cell

radiofrequency cavity (operating at 500 MHz) to lypenergy for acceleration. The
beam is accelerated by a simultaneous ramping ghetastrength and cavity fields.
Each ramping cycle takes approximately a seconcé foomplete ramp up and down.
An electron spends about half a second in the boasig and completes over one

million laps.

4. The storage ring (Figure 5-1) is the final destion for the accelerated electrons. It
can hold 200 mA of stored current with a beamihfietof over 20 h. The storage ring is
216 m in circumference and consists of 14 neakytidal sectors. Each sector consists
of a 4.4 m straight section and an 11 m arc. Eaecycontains two dipole ‘bending’
magnets in which synchrotron light will be produchtbst of the straight sections have
room for an ‘insertion device’. The storage ringoatontains a large number of quadru-
pole and sextupole magnets that are used for beaunsihg, chromaticity corrections

and orbit corrections.

5. Individual beamlines are positioned to capthwe gynchrotron light given off by the
storage ring. The first section of every beamlisghe photon delivery system (also
called the ‘beamline optics’). It incorporates di¥, monochromators, mirrors,
attenuators and other devices to focus and segbgcopriate wavelengths for particular

research techniques.

6. Experiments employing synchrotron light are agrdd in customized facilities

called end-stations. Most of the end-stations avaséd inside radiation-shielding
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enclosures called ‘hutches’ to protect staff arsiters from potentially harmful X-rays.
Each beamline utilizes the synchrotron light tohgatdata in the form of images,
chemical spectra and/or scattered light. Becauseareh scientists cannot enter the
hutches during data collection, much of the equipneecontrolled remotely via motors

and robotic devices (Australian Synchrotron, 2012).

5.2.6.1 X-ray fluorescence microscopy

Principle: When a sample is bombarded with X-ralys, material is ionized. lonization
occurs when an atom is exposed to energy thatestgr than its ionization potential,
resulting in the ejection of one (or more) elect(oare electron) from the atom. The
removal of the electron results in an unstabletedaa structure of the atom, i.e. a
highly excited core hole state. The electrons mgher orbital come down to replace
the hole left behind in the lower orbital as a testithe ionization. When an electron
falls from a higher orbital to a lower orbital, tfaling energy is released in the form of
a photon. The energy of this photon is equal toethergy difference between the two
orbitals. Each element has a characteristic emitéetiation that is generally well
resolved from the emitted radiations of neighbogirelements in the periodic table.
The term ‘fluorescence’ here means that the absorgf X-ray radiation (ionizing
radiation) results in re-emission of the radiat{onthe form of a photon, with lower
energy). The X-ray fluorescence facility at AusaalSynchrotron (Figure 5-4) that was
used for the study provided micron and sub-micemgth scale images using a KB
mirror microprobe and a zone-plate (ZP) nanoprobspectively. Four different
techniques are available: SXFM, scanning X-rayridsoence microscopy; XREET,
X-ray fluorescence micro-computed tomography; XANESay absorption near-edge
structure— single point mode (Vortex) and mapping mode (Mda)oxidation state

fingerprinting; DPC, differential phase contrasiagmg of low-Z ultrastructure. SXFM
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was used in this study. A ZP nanoprobe, which cabga spot size of around 100 nm

(0.1 um), was used rather than a KB microprobeclwvhias a spot size range from 2 pm

Xx1lpum(HxV)to 10 pum x 10 pm.

Fre Opocn Encios o

Australian Synchrolron Microspectroscopy

Figure 5-4 Representation of XFM at Australian Syptron Lightsource (Australian Synchrotron, 2012).
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Two fluorescence detectors are available at Auatrebynchrotron, a Vortex detector
and a Maia detector. The dwell time of the Vortestedtor is around 0-2 s/pixel,
compared with the Maia detector, which has a dtirek of 0.5-50 ms/pixel. However,
the Maia detector is sensitive to photons with gpeabove 3.3 keV [K-lines of
elements heavier than calcium (Z = 20)], whereas\tbrtex detector is sensitive to
photons with an energy range above 1.1 keV [K-oiLM-lines of all elements heavier
than magnesium (Z = 12)]. As it was of interestrack the amount of phosphorus in
the sample, together with manganese, the Vorteectist rather than the Maia detector,

was chosen for the study.

The scan duration of a sample that is being stutiegbverned entirely by the total
number of pixels in the scan and the dwell timeath pixel. The scan area is mostly
governed by the time constraint. The selection gbad substrate is a very important
aspect of XFM. A general rule of thumb is that sistrate should not produce signals
in excess of that expected from the specimen jt#ei§ generally preferred that the
substrate is relatively small so that the fluoreseedetector can be brought very close
to the sample. Silicon nitride grids were usedhis study as they come with fields of

view up to 1620 or 30 nm.

Trace metals are an important part of life scierares understanding their changes in a
biological system is important. There are severhlaatages to using XFM: it is
possible to map more than 10 elements simultangonsl dyes are required; XFM
provides a high signal to background ratio — sutssgaer million sensitivity, increasing
with Z; as it is possible to study large penetratiepths (> 10@um), sectioning is not

required; the incident beam is monochromatic; gassible to choose the Z at which to
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stop the excitation, e.qg. it is possible to exaitgenic but not lead; because of the lower

dwell time, the sample is less prone to radiatiamdge.

5.2.6.2 Beamline specification

Source in-vacuum undulator, n = 90, 22 mm period

Energy range 4-25 keV

Optimal energy range-32 keV

Energy resolution _E/E = 10-4

Focusing method Zone plate
Spot size um 100 nm
Beam properties at 10 keY Flux (photons/s) 15
Flux density
1x10°
(photons/aim?)

5.2.6.3 Cell harvesting and synchrotron XFM analysis

5.2.6.3.1 Sample preparation

The freshly harvested bacterial cells were waslmeeettimes in deionized water to
minimize metal contamination; 4@ of bacterial sample was suspended in deionized
water, then deposited on to a silicon nitride meanbrgrid (Silson Ltd) and air dried in

a dust-free environment for 30 min. Following diyircells were observed under an
optical microscope. The position of the cells oa ¢gnid was recorded visually by phase
contrast microscopy, for subsequent positioninghefsynchrotron beanh. paracasei

cells were distinguished from chemical precipitdiased on their distinct morphology,
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as observed using SEM and confocal laser scanningpscopy (CLSM). The fixed
cells were analysed and imaged on the synchrotrbM Xoeamline at Australian
Synchrotron. A ZP nanoprobe and the Vortex detestre used in this study. A beam
of 10 keV X-rays was focused to a spot ofih x 10um, using the ZP nanoprobe at
the XFM beamline. The sample was scanned throughfdlbus using the Vortex
detector system, oriented at 90° to the incideathewith a dwell time of 1.5 s/pixel.
This configuration was found to image low conceantres of manganese and other

elements at the cell wall, as well as the electtense particles.

In a separate experiment, XFM was used to studynthsttu location of probioticL.
paracaseiencapsulated in a dairy matrix using manganese teacer. XFM was also
assessed for its ability to distinguish betweea Bwd dead bacteria, and was compared

with CLSM.

5.2.6.3.2 Data analysis and quantification

Known elemental standards were run to quantifyameunt and the gradient of metal
ions in the bacterial cells (Appendix C). Data s involved MAPS software to fit
the fluorescence data. The MAPS analysis packageused to view the data acquired
by the Vortex detector. The steps involved downilegdhe IDL virtual machine from

the following link.

http://www.ittvis.com/Login/tabid/161/Default.aspe®urnurl=%2fDownload%2fDownload

.aspx%3fproduct%3dIDL

The MAPS manual and the program were then downtb&den the following link.

http://lwww.stefan.vogt.net/downloads.html

The MAPS software was useful for much of the datarrogation and visualization.
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5.3 Results and discussion

5.3.1 Preliminary characterization of manganese accumoulain L.

paracasei

5.3.1.1 Energy-dispersive X-ray spectroscopy

Freshly harvested bacteria grown in MRS broth viereze dried and EDS was used to
look for the presence of manganese in the baajeoan in MRS medium. This was a
preliminary study to confirm that manganese accatedl inL. paracasewhen grown

in a manganese-rich medium. As the EDS spectrum relctal the presence of
manganese (Fig. 5-5), an alternative technique--M3¥, was used to quantify it further.
The level of manganese in freeze-driecdharacasei as measured using IS, was
1.55 wt% (15,500 mg/kg) (Table 5-1). The contribatiof changes in the level of
manganese to maintaining the viability of probistin a milk powder matrix was

thought to be an important aspect for further cdersition.

Figure 5-5 EDS of freeze-dried powder, A-manganesdphaemission B-manganese-K beta

emission
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Table 5-1 Elemental compositions (mg/kg) of fredred L. paracaseithe dairy matrix [whole

milk powder (WMP)] and freeze-dried bacteria emhastich the dairy matrix, determined by

ICP-OES/MS

Freeze-dried Dairy matrix Freeze-dried
Elements

L. paracasei (WMP) L. paracaset WMP
Iron (ICP-OES) 22 <1.3 Not analysed
Copper (ICPMS) 10.4 0.31 Not analysed
Manganese (ICAMS) | 15,500 0.21 653
Phosphorus (ICFOES) | 85,000 Not analysed Not analysed

The elemental compositions of the freeze-drieddyagtthe dairy matrix and the freeze-
dried bacteria embedded in the dairy matrix rewkalat the dairy matrix contained

only a very small amount of manganeseé).21 mg/kg (Table 5-1). Therefore, the
majority of the signal detected in the matrix woalise from the manganese present in
the bacteria within the matrix. Iron and copper avpresent at very low levels in the

bacteria, i.e. 22 and 10.4 mg/kg respectively, cameg with manganese (15,500

mg/kg). The phosphorus content in the bacteria 88800 mg/kg. The manganese
level was diluted (6573 mg/kg) when the bacteria were embedded in tirg daatrix,

because of the small amount of bacteria that waitsedded.

The size and the morphology &f paracaseiwere observed using SEM. It was

important to estimate the size and the shape ot thmaracaseicells, for comparison
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with the bacteria as observed using XFM. From thages shown in Figure 5-6, the

bacteria were estimated to be33um in length and 0.5 pm in width.

— .~ @ " -~ ¥
HV spot| mag WD det pressure
20.00 kV| 2.0 |7 000 x/9.4 mm ETD|1.07e-5 Torr Air Dried Bacteria

Figure 5-6 Scanning electron micrograph of airdlitieparacasei

Synchrotron XFM is a viable tool for the non-inwgsicharacterization of hydrated cells, with a
spatial resolution of about 150 nm. However, limitesearch using synchrotron XFM has been
carried out on probiotic lactobacilli; most resdens have focused on studying multicellular
microorganisms, such as animals and plants, becdibe issues associated with the resolution
of small bacteria. The present work was a step fdsvanderstanding the metal ion gradient in
Lactobacillussp. and was one of the first studies of its tyipe, using XFM to uncover the
metal ion gradient. The role of manganese in cells been of great interest, leading to
characterization of the radiation-resistant basterDeinococcus radioduransHigh cellular
levels of manganese have been associated with ¢hearkable survivability of this
microorganism (Daly et al. 2004). Manganese has laden found to play an anti-oxidative role
in the nematod€aenorhabditis elegand.in et al. 2006). McColl et al. (2012), usingetitin

situ mapping by XFM, revealed that manganese and efleenents are strictly maintained and

enriched within specific cell types 6f elegans
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Previous studies have investigated the state ofgarase in cells by extracting and
analyzing the cell lysate (Archibald and Fridovidi®82a). This procedure potentially
changes the original state and form of the manganes overcome these limitations,
XFM was used foin situ characterization of manganese and other metagiadient
changes in bacteria that could potentially be eeldb bacterial viability. At the XRF
facility at Australian Synchrotron, the relationshietween concentration and intensity
is determined by comparing with standards, and catipnal algorithms are used

check and rectify the absorption differences betwssenples and standards.

Synchrotron XFM was employed to determine changeke elemental composition of
L. paracaseiduring growth (manganese-rich medium versus massgadeficient
medium) and as a function of the physiological gtowstate (early log phase versus
stationary phase). The early log phase cells (Bdgrawth) had low levels of manganese
(0.0183 pg/cr), whereas the stationary phase cells (18 h of tirpretained relatively
high levels of manganese (0.366 pgfTable 5.2). As expected, the bacteria grown
in the manganese-deficient medium had low levelsnahganese (0.0225 pgfm
(Table 5.3). The estimated concentrations of phosEh(P), potassium (K), manganese

(Mn) and calcium (Ca) found in the cells are shammable 5-2, 5-3.

The low levels of manganese accumulation duringetiiéy log phase and on growth in
a manganese-deficient medium may provide less ¢ifote to the bacteria against
oxidative stress. In previous studies, early loggghharvested cells were found to
provide inferior protection, compared with statipnghase cells, upon spray drying

(Corcoran et al. 2004).
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Table 5-2 Elemental compositions, determined by XFWl L. paracaseigrown in MRS

medium and harvested at various stages of growth

4h 18 h
Elements
(Maximum pg/cnt) (Maximumpug/cnt)
P 1.23 2.86
K 1.72 1.18
Mn 0.0183 0.366
Ca 0.0699 0.131

Table 5-3 Elemental composition, determined by X©Bf,. paracasegrown in MRS medium

without manganese

18 h
Elements (Maximum pg/cnt)
P 2.26
K 1.62
Mn 0.0225

Ca 0.205
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Figure 5-7 Synchrotron radiation XFM microprobe miagg of elements (phosphorus to zinc in individck@nnels) in a single. paraca-
seicell grown in a manganese-rich growth medium (MR&lium). Beam spatial resolution (V x H): @sh x 0.1um; colour scale in

counts per pixel. Manganese distribution showsitigion throughout the cell.
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Figure 5-7 shows the mapping of lanparacasecell with respect to different elemental
compositions (phosphorus to zinc, from left to tjglwhen grown in MRS medium

containing manganese and harvested after 18 haéklmolour in the channel represents
the absence of any element, whereas a red to oreolger represents a higher
proportion of the element. The manganese chanreltlad potassium channel were
clearly separated from the background, suggestiagganese uptake by the cells, and
the shape of the bacterial cells was visible. Ae¢helement co-location view of the
phosphorus, manganese and potassium channelssenfeé in Figure 5.8. Because of
the very small size of the bacteria, the elemerdiocation could not be observed in
much detail. However, this technique is useful tudging elemental locations within

animal and plant cells.

Figure 5-9 shows the elemental mapping of the bactgown in MRS medium without

manganese and harvested after 18 h of growth. Aisabf the images suggested that,
when grown in a manganese-deficient medium, as agelbwer levels of manganese,
the accumulation of phosphorus was reduced (Talde bigure 5-10 shows the three
element co-location view of the bacteria grown iIR®medium without manganese,

harvested after 18 h of growth.

Figures 5-11 and 5-12 show elemental mapping ob#wteria grown in MRS medium
containing manganese and harvested after 4 h oftigrand the three element co-
location view respectively. The results suggestedt tthere was a low level of
manganese accumulation (Table 5.2), similar todbaerved fot.. paracaseigrown in

a manganese-deficient medium (Table 5.3). A lovestell of phosphorus was also
observed during the early log phase, suggesting ttha cell was not properly

developed. Similar findings were reported by Cogeal. (2006), from their analysis of



152

L. plantarumWCFS1; they reported from their proteomic analys& strengthening of

the cell membrane appeared to occur during thddgtéo early stationary phase, based
on the greater abundance of enzymes involved iy &id biosynthesis that are needed
for the formation of phospholipids. Their findingag/ consistent with the present XFM
results, which also suggested less phosphorus adatiom in early log phase cells and
similarly low levels of phosphorus In paracasecells grown in a manganese-deficient
medium. The present results indicated that thel levenanganese accumulation may
have an impact on the viability, by strengtheninhg tell membrane. From the images
(Figures 5-7-5-12), it was clear that manganese distsibuted throughout the cells

rather than in a deposit form, as reported preWohg Archibald and Duong (1984)

using SEM.

The osmolyte K is important in bacterial cells as it helps to mtain turgor pressure
within the cells (Burg and Ferraris, 2008). Therefdahe potassium channel was useful
for outlining the bacterial cell structure. Consenfly, the cell outline in the K channel
served as a cell marker for all other channels. edeer, there was a greater
accumulation of potassium ions In paracaseicells after 18 h of growth in MRS
medium without manganese (Table 5-3). Similatlyparacaseicells showed greater
accumulation of potassium ions during the earlypbgse (4 h) of growth (Table 5-2).
This finding is in line with previous reports, inhweh researchers observed increased
potassium accumulation under osmotic stress camdit{Csonka, 1989). In the early
log phase, bacteria are added to a new medium @@ to accumulate potassium
ions. As bacterial growth in a medium without mamgge causes similar effects, there
may be a relationship between manganese uptake@adsium accumulation in the

cells. Table 5-3 clearly shows that the bacteribgnvgrown without the presence of



153

manganese in the medium, had an increased uptgdaaxsium as observed by Csonka

(1989).
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Figure 5-8 Synchrotron radiation XFM microprobe miayg of three element co-location view (phosphopstassium and manganese in individual
channels) in a single. paracaseicell grown in a manganese-rich growth medium (1BIRS medium). Beam spatial resolution (V x H): Q. x 0.1

um; colour scale in counts per pixel. The imagehmtottom right channel is the overlay.
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Figure 5-9 Synchrotron radiation XFM microprobe miag of elements (phosphorus to zinc in individckennels) in a single. paracasecell grown
in a manganese-deficient growth medium (18 h, MRSliom, without added manganese). Beam spatialutgsol(V x H): 0.1um x 0.1um; colour

scale in counts per pixel.
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Figure 5-10 Synchrotron radiation XFM microprobepmiag of three element co-location view (phosphppastassium and manganese in individual
channels) in a single. paracaseicell grown in a manganese-deficient MRS mediumi{(1®RS medium, without added manganese). Beamatpati

resolution (V x H): 0..um x 0.1um; colour scale in counts per pixel. The imagéehmhottom right channel is the overlay.
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Figure 5-11 Synchrotron radiation XFM microprobepmiag of elements (phosphorus to zinc in individaénnels) in a single. paracaseicell

grown in a manganese-rich growth medium (4 h, maegarich MRS medium). Beam spatial resolution (M)x0.1um x 0.1um; colour scale in

counts per pixel.
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Figure 5-12 Synchrotron radiation XFM microprobepmiag of three element co-location view (phosphppsassium and manganese in individual
channels) in a single. paracaseicell grown in a manganese-rich growth medium (MRS medium). Beam spatial resolution (V x H): 0rh x 0.1

um; colour scale in counts per pixel. The imagehmtottom right channel is the overlay.
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Figures 5-7-5-12 suggested that there was a coabidedifference in the elemental
compositions ofL. paracaseigrown in an MRS medium containing manganese and
harvested after 4 and 18 h andparacaseigrown in an MRS medium without added
manganese and also harvested after 4 h. Theréfavas of interest to immobilize.
paracaseiin the matrix using fluidized-bed drying and taidt the bacterial viability
during storagel. paracaseicells harvested after 4 or 18 h of growth in MR&diam

and after 18 h of growth in MRS medium that wasiaiefit in manganese were
embedded into WMP using a fluidized-bed drying tegbe, as outlined in Section
4.3.2.3. The aim was to understand whether there avaelationship between the

viability and the accumulation of manganese inciés.

L. paracasei when grown in MRS medium (containing manganese) m MRS
medium (without added manganese), reached cellectrations of 9.26 + 0.21 and
8.70 + 0.19 log CFU/ml respectively after 18 h mdubation. Manganese was observed
in cells harvested after 4 h only when grown ildiRS medium containing manganese,
at a level of 7.13 = 0.08 log CFU/mI. The paracaseicells that were grown in MRS
medium containing manganese and harvested aftdr dBgrowth retained viability
during storage at a water activity of 0.33 and 26%C15 days. However, the bacteria
harvested during the early log phase and the bhaajeown in a manganese-deficient
medium lost viability, withL. paracaseiconcentrations of < 4.0 log CFU/g after 15

days of storage at a water activity of 0.33 andC2%% shown in Table 5-4.
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Table 5-4 Viability ofL. paracasegrown in MRS medium, with or without added mangsmeand embedded in a WMP matrix,

before and after fluidized-bed drying, and afterage for 15 days at a water activity,Xaf 0.33 and 25°C

Storage for 15 days

Incubation Harvested cells Before drying After drying
Samples at 25°C, 0.33,a
time (h) (log CFU/g) (log CFU/g) (log CFU/g)
(log CFU/g)
L. paracasei
18 9.26 +0.21 9.43+0.23 9.22 +0.08 9.19+0.12
(MRS with manganese)
L. paracasei
(MRS without manga- 18 8.70+£0.19 8.84 +0.13 6.23 +0.04 <4
nese)
L. paracasei
4 7.13+0.08 7.82+0.15 5.25+0.32 <4

(MRS with manganese)
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These results indicated that, after 18 h, the nurabke. paracaseicells grown in the MRS
medium without manganese was lower than that in MRS medium containing
manganese. Moreover, rapid bacterial death wasrwgdben the bacteria grown in the
manganese-deficient medium during the drying peesl storage. There was no survival
of the bacteria grown in the manganese-deficierdiome after 15 days of storage. This
result was consistent with previous findings, inichhearly log phase cells were found to
be unsuitable for stabilization (Corcoran et al0£20 In a separate experiment, additional
manganese was added to the growth medium (MRS3dertain whether the viability of
the bacteria could be improved. However, additionahganese did not have an effect on
the viability of the bacteria during drying andrsige. This finding was also consistent with
Archibald and Duong (1984), who established thayond a certain level, the addition of

manganese did not affect the accumulation of magggm the cells.

These findings are also useful in the context ef ibgulatory status of probiotics, which
has not been well established at the internatimval (Caselli et al. 2013). With reference
to these results, it may be of interest to revieerEAO guidelines for probiotic bacteria to
be tolerant to gastric juice and bile salts whan@® RS (or any manganese-rich medium)
as the medium for growth for probiotic screeningpmses duringn vitro screening. The
use of manganese in the growth medium leads to mairest bacteria compared with
bacteria grown in milk, which is deficient in mangse. Therefore, the bile salt tolerance
result might vary depending on whether the bactar@ grown in a manganese-rich
medium or in a manganese-deficient medium. In lightthe present study, it is also
tempting to assume that the consumption of a féwad is rich in manganese will aid in

better colonization of probiotics in the gastrostieal tract.
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dairy matrix using manganese, as
marker.

Figure 5-13 XFM mapping of freeze-dried WMP mattbntaininglL. paracasei manga-
nese channel with red dots representing bacterlzedded in the matrix. The phosphorus
and potassium channels could not distinguish tlry daatrix from the bacteria. The WMP

embedding matrix was rich in both phosphorus ardgsium.

The stabilization of probiotics generally involvesibedding them in a suitable matrix. The
visualization of bacteria within the matrix is ulyacarried out using CLSM, which

requires specific dyes and solvents (refer to 8ecti.3.6.3). A milk-based matrix poses a
challenge for a study of the location of bacte$ynchrotron-based XFM is a novel

technique for mapping the bacteria in an embeddiagix. XFM was used to study tire
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situ location of bacteria using manganese as a tr&tgure 5-13). With the use of XFM,
the ICR-MS result (Table 5.1) was further reinforced andwis observed that no
manganese signals could be obtained from the dzatyix. Therefore, the XFM technique
could be used to study the location of manganeseraglating bacteria in the powders.
Dairy matrix being rich in phosphorous and potassisaturates the XFM channels.
However, if the embedding matrix is deficient inogphorus and potassium it may be

possible to acquire important information from th@kannels.

5.4 Conclusions

XFM, which was employed to determine changes in ¢lemental composition of.
paracaseiATCC 55544 during growth in a manganese-rich MR&lionm and in an MRS
medium without added manganese and as a functiaheofphysiological growth state
(early log phase versus stationary phase), revées¢sdnanganese accumulation during the
early log phase of bacterial growth than for tretighary phase cells. The lower level of
manganese accumulation was related to a loss oéricviability during storage. These
results suggest that bacteria grown in the eagyplease and upon growth in a manganese-
deficient medium may provide less protection to blaeteria against oxidative stress and
may be unsuitable for stabilization. The preseuntlgtalso stresses the need to study the
changes within the bacteria during storage. As raaege is important for bacterial
viability during storage, any change in manganesed storage might explain any loss in

bacterial viability during storage.
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Chapter 6Changes in the accumulated manganedeactobacillus

paracaseiembedded in milk powder matrix during storage

6.1 Introduction

Chapter 5 showed that lower levels of manganesenagation probably lead to loss of
bacterial viability during storage. The accumulatiof manganese in the bacteria was
shown to provide protection during drying and sgergorocesses and this improved
viability may be due to the free-radical-scavengaagjvity of manganese. It is a challenge
to monitor the changes in bacteria during storagenmhey are embedded in a complex
matrix comprising fat, protein and carbohydratewdwer, in Chapter 5, it was established
that the embedding matrix is devoid of manganes&wprovides a means for tracking the
changes occurring in manganese during storage. rHugation-resistant bacterium
Deinococcus radioduransas high cellular levels of manganese, which haeen
attributed to the remarkable survivability of thisicroorganism (Daly et al. 2004).
Manganese has also been found to play an anti-daole in the nematode
Caenorhabditis elegand.in et al. 2006). Manganese and other elements baen found
to be strictly maintained and enriched within spedell types ofC. elegangMcColl et al.
2012). However, there is still ambiguity over th@nh and the state of manganese in

bacterial cells (Archibald and Fridovich, 1982byBsse et al. 2012).

Lactobacillus plantarumwhich is similar toLactobacillus paracasehas also been found
to accumulate large amounts of inorganic mangar@8e35 mM) during growth in a
manganese-rich medium. This is thought to providdefense against oxidative damage

(Archibald and Duong, 1984; Watanabe et al. 20B2ynese et al. (2012) have provided
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evidence on the mechanism by which manganese islsbperoxide in the cellular system.
They have shown that, under simulated physiologmaiditions, both manganese(ll)
phosphate and manganese(ll) carbonates are ablaiytically remove superoxide from

the solution.

Manganese accumulation was achieved in probliotaracaseliATCC 55544 (Chapter 5).
This L. paracaseiwas then incorporated into a dairy matrix, whicks lbeen shown to
stabilize the probiotic bacteria provided the watetivity is kept sufficiently low (Chapter
4). However, there is interest in the state anddh@ of manganese during storage, which
may provide a clue to further improving the vialiliduring storage. Moreover, it is
important to explore the relationship between clearig the manganese oxidation state and
viability during storage. It has been observed thadiation-resistant species .
radioduransproduce large amounts of manganese metallopejptistationary phase cells,
in addition to manganese superoxide dismutase (€akband Un, 2013). As manganese
accumulation increases during the growth stage@h®), it is of interest to study the

vivo composition and the protein/peptisleanganese association.

The in vivo relevance of manganese deposits is not underdiecduse little is known
about the cellular manganese(ll) speciatiBr. vivo experiments by Daly et al. (2004)
proposed that the radio-resistance @f radioduransis mediated by manganese(ll)
inorganic phosphate metabolite complexes that Bpaity protect cytosolic proteins
against ionizing radiation. Althougkx vivoapproaches can identify potential complexes,
they invariably lead to changes in intracellulauiggrium concentrations, affecting the
manganese speciation (Tabares et al. 2013). Tiisrgleproblem that is associated with

metal speciation studies may be avoided by eledpin resonance (ESR) spectroscopic
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analysis of intact bacteria. Therefore, embeddeteba (Chapter 4) that were stored under
various water activity conditions were further aisad using ESR spectroscopy. However,
as the ESR spectroscopy used in the current stadyttre limitation of not being able to
detect the manganese(lll) species, synchrotrondodsay absorption spectroscopy (XAS)
was used for further investigations and to simdtarsly correlate with the results obtained
from ESR spectroscopy. XAS is a useful tool fodging the oxidation state of elemeirs

situ, particularly by comparison with standard compounds.

In the work reported in this chapter, XAS was ugedinvestigate the speciation in
manganese accumulated Llin paracaseiATCC 55544 that was incorporated into a dairy
matrix. The bacterial preparations were subjectedifferent humidity environments and
storage times to vary the oxidative stress expee@nA correlation between the loss of
viability of the bacteria upon storage and changegshe manganese speciation was

explored.

6.2 Materials and methods

6.2.1 Bacterial growth conditions

Freshly grown cultures df. paracaseiandL. plantarumin MRS broth were harvested
after 18 h. The harvested bacteria were freezal dae an inductively coupled plasma—
mass spectrometry (IGMS) study. They were also harvested at variousestad) growth

(6, 12, 18 and 24 h) and the change in the mangapesiation was monitored.

To simulate bacterial death, the harvested celle wither sonicated or treated with ethanol

(70%) and then further characterized by XASparacaseicells were lysed by sonication
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(MSE Soniprep 150 sonicator, MSE, UK) by applyifg<2pulses at a power output of 14

pum for 20 cycles. The viability of the microorgans was tested as described previously.

6.2.2 Characterization of manganese in the bacteria

Bacteria embedded and stored under different watgvity conditions (from Chapter 4)

were studied for any changes observed in the masganithin the bacteria.

6.2.3 Electron spin resonance spectroscopy

Electron paramagnetic resonance (EPR), also knevategtron spin resonance (ESR), is a
spectroscopic technique that has the ability teatespecies that have unpaired electrons.
ESR can detect both free radical species and parsatia species at the same time. ESR
measures the transition between the electron sgngg levels, in a magnetic field, with
the transition being induced by microwave frequeradiation. The required frequency of
radiation is dependent upon the strength of thenmidgfield. The common field strengths

used are 0.34 and 1.24 T and 9.5 and 35 GHz imib®wave region.

Like a proton, an electron has a spin, which gikes magnetic property known as a
magnetic moment. Under the influence of an extemagnetic field, the paramagnetic
electrons can orient either parallel or antipafratighe direction of the magnetic field. This
result in the formation of two distinct energy levdor the unpaired electrons and

measurements are made as the electrons are detsadn the two levels.

A Varian E-104A EPR spectrometer equipped with a25F variable-temperature
controller and operating at about 9.0 GHz was usdbe present study. Small samples of

bacterial powder were placed in EPR tubes (Wilmaddlass, USA) and analysed. The
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typical operating parameters were as follows: mieree frequency 8.99 GHz; microwave
power 30 mW; modulation frequency 100 kHz; sweemetl min. The sweep width was
2000 G, and the value of the centre of the fielé w00 G. The spectral g values were
calibrated with (diphenylpicryl) hydrazyl (DPPH) asstandard. The spectral data acquired
were digitalized using a plot digitalizer, after age calibration (University of South

Albama, n.d.).

6.2.4 Transmission electron microscojectron energy loss spectroscopy

and energy-dispersive X-ray spectroscopy

Manganese is an electron-opaque metal and its eptdd bacterial cells is likely to show
up under an electron microscope as an electroredesgion. Bacterial powder samples
were fixed with 2% (w/v) formaldehyde and 3% (wglitaraldehyde in 0.1 M phosphate
buffer (pH 7.2) for 2 h at room temperature. Afteree washes in the same buffer, the
samples were post-fixed with 1% (w/v) Os@ the same buffer for 1 h at room
temperature. The three buffer washes were repeatezl.samples were then dehydrated
using an water/acetone series (25, 50, 75, 95 &6}l and kept in each gradient for 10
min and in the 100% acetone for 2 h. The samples ¥irst embedded in an acetone/resin
(Procure 812) mixture (50%) on a stirrer overnigintg then the acetone/resin mixture was
replaced with fresh 100% resin for another 8 h fom stirrer. The samples were finally

mounted in 100% fresh resin at 60°C for 48 h.

Sections (lum in thickness) were cut from the trimmed resirck#ousing a glass knife and
an Ultramicrotome (Leica, Austria). They were heaiunted on to glass slides, stained

with 0.05% toluidine blue and viewed under a lighitroscope (Olympus BX51, Japan).
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Digital images of the sections were taken and anéagerest were chosen for examination

by transmission electron microscopy (TEM).

Ultra-thin sections (100 nm) were cut using a diath&nife and an Ultramicrotome. They
were collected on a copper grid. The sections wtmed with saturated uranyl acetate in

50% ethanol for 4 min.

TEM elemental analysis for electron-dense mangapaseles in bacteria was carried out
on two transmission electron microscopes both vmgrkat 120 kV, which is suitable for
biological materials and prevents samples from dalamaged by electron radiation.
Conventional energy-dispersive X-ray spectroscoppg) spectra for the elements
manganese and sulphur were collected using a JEOQ-équipped Oxford EDS detector,
which was working in a liquid nitrogen environmefiower than 173 K). Elemental
mapping for manganese was carried out on a sma#regarea with image drift auto-
correction. Conventional electron energy loss spscopy (EELS) spectra were obtained

with a CM-120 equipped with a Gatan GIF detector.

EELS was used to determine the oxidation statehefrhanganese in bacteria, using a

chemical shift of L 2,3 edge and the ratio of L3

6.2.5 X-ray absorption spectroscopy at Australian Synichrofacility

6.2.5.1 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) techniques emll information about energy
emissions and electron excitations initiated by ahsorption of X-ray energy, yielding

information on bond lengths, coordination numbéhng, local coordination geometry and
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the oxidation state of atoms for a wide range d@ifilsand liquid systems. XAS experiments
require an intense, tunable photon source thavadadle only at synchrotron facilities.
Principle: X-rays are ionizing radiation and posstge ability to remove the core electron
from an atom. Each core shell has a distinct bopéinergy and, when the X-ray is scanned
through the binding energy of a core shell, thera rapid increase in the absorption cross
section. This results in an absorption edge, wieaeh edge represents a different core
electron binding energy. The edges are referredctmrding to the principal quantum
number of the electron that is excited: K (n =1Ln = 2); M (n = 3). The core electron

binding energy increases with the atomic numberKtedge for manganese is 6.5390 keV.

The structure near the edge is known as the X{sagration near-edge structure (XANES).
An oscillation above the edge, 1000 eV or mor&n@wn as an extended X-ray absorption
fine structure (EXAFS). A XANES region providesanfation on the oxidation state and
the geometry, whereas an EXAFS region providegimébion on the electron density and a
quantitative determination of bond lengths anddberdination geometry surrounding the

atom of interest (Australian Synchrotron, 2012).

6.2.5.2 Data analysis

Raw data from samples studied in the XAS beamliageeweollected, saved in binary ‘mda’

format and converted to ascii format for analysis.

Data analysis was carried using the IFEFFIT packAgena).

6.2.5.2.1 Technical information

Photon delivery system
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Source 1.9T Wiggler

Available Energy range 5 - 35 keV

Mode 1: 5 - 9 keV using Si(111)

Mode 2: 8.5 - 18.5 keV using Si(111)

Optimal Energy range
Mode 3: 15 - 35 keV using Si(311

Crystal dependent:

ResolutiondeltaE/E ~ 1.5x10" using Si(111)

~ 0.4x10" using Si(311)

Nominal beam size at sample ~ 0.25 by 0.25 mm foltyssed

10'° to 10 phi/s using Si(111)
Photon flux at sample
10° to 10 ph/s using Si(311)

Harmonic content at 5-18 keV <10

6.2.5.2.2 Sample handling and detectors (XAS)

The experimental hutch (Hutch B at Australian Syotion) was used for the fluorescence
XAS of ‘standard samples’ in a standard plastic @anholder (aluminium sample holders

were not used in the present study to minimize @)oi®\ 100 element solid state
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germanium fluorescence detector was used in theeptestudy to minimize the beam

degradation of the sample.

Detector Hutch B- highlights

Optical table 2.4 mby 1.2 m

100 element germanium fluorescence detector

Three ion chambers

Cryostat and room temperature holder

Harmonic rejection mirror

Fast shutter

Embedded bacterial powders that were produceduyiZzed-bed drying, spray drying and
freeze drying (Chapter 4) were further studied gisfAS. Powder samples stored under
controlled water activity conditions were studied dvaluate the influence of oxidative
stress conditions on the loss of viability durirtgrage and changes in the manganese
oxidation state. The bacteria harvested duringouaristages of growth were also used to
study the changes in manganese. Also, an attengpmmade to simulate bacterial death by
means of sonication or ethanol treatment. Giverstleeessful XANES and EXAFS study

of plant manganese hyper-accumulators (Fernandd. é2010) and the parallels to our
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bacterial system, the methodology of Fernando.€8l0) was followed. The XAS study
focused not only oim situ manganese speciation and structure but also ochtrgges that
occur within the manganese bodies under differemels of oxidative stress and their
correlation with the loss of viability upon storagdaeitially, XANES measurements were
made to characterize the oxidation state and tleativigand geometry of manganese
under different water activity conditions duringrstge and the resultant bacterial viability.
Then EXAFS studies were carried out on selectecpkesmio characterize the nature of the

manganese environment in viable and non-viablesbiact

6.2.5.3 Synthesis of model compounds

To understand the state of the released mangarmekesbupon bacterial death, XANES
spectra of the model compounds manganese(ll) platsphmanganese(ll) hydrogen
phosphate, manganese(ll) acetate, manganese(lphaga] manganese(ll) chloride,
manganese(ll) carbonate, manganese(ll) oxide, nme&segélll) acetate and manganese(lll)
phosphate were studied. These model compoundscsesidered to aid in modelling the
in vivo speciation of manganese. The selection of phosphaydrogen phosphate,
carbonate, acetate, chloride and sulphate was baseprevious publications and our
assumptions. Manganese(ll) acetate, manganesa(tihage, manganese(ll) chloride and

manganese(lll) acetate were purchased from Sigrdeeil Chemical Co. (USA).

Manganese(ll) phosphate was made by the additica sflution of 0.16 g (1 mmol) of
NaHPO, in 8 ml of water to a solution of 0.25 g (1.5 mmol) MnSQ,.H,O (i). The

resulting precipitate was separated by filtratiwashed with water and then air dried.

2Na,HPO,.H,0 + 3MnSO0,.H,0 - Mn;(P0O,), + H,S0, + 2Na,S0, + 2H,0 (i)
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Manganese(ll) hydrogen phosphate was prepared éoaddition of 0.66 ml (1.15 g, 10
mmol) of 85% phosphoric acid to a stirred solutadnl.23 g (5 mmol) of manganese(ll)
acetate tetrahydrate in 20 ml of water in a 50 ooind bottom flask (ii). The flask was
warmed in a 50°C oil bath with stirring until aid manganese(ll) acetate tetrahydrate had
dissolved to give a clear slightly pink solutiorheTstirrer bar was removed and the flask
was set aside; large gem-like crystals had growsr 48 h. The crystals were removed and

air dried on a filter paper, to give 0.134 g ofgpink crystals.

MD(CH3COO)2. 4‘H20 + 2H3PO4 g MD(HPO4)2_. (H20)3 +2 Cl_bCOOH + l_bo (")

Manganese(ll) carbonate was prepared by the addfia solution of 2.1 g (19.8 mmol) of
sodium carbonate in 25 ml of water to a solutioMoi(NOs),.6H,O (5.7 g, 19.8 mmol) in
10 ml of water and mixed well (iii). A colourlessegipitate was formed, which was
filtered, washed well with water, then ethanol #meh ether and air dried to give 1.34 g of

a white powder.
Mn(NO3),.6H,0 + Na,CO; - MnCO5; + 2NaNO; + 6H,0 ... (iii)

Manganese(lll) phosphate was prepared by the additi 5 ml of 85% HPO, to 5.7 g of
Mn(NO3)..6H,0 in 4.2 ml of water in a 50 ml round bottom flagiJowed by the addition
of 20 ml of ethanol. The reaction mixture was pthoe an oil bath and stirred at 500
rev/min and 40°C for 2 h (iv). The gray/green ppéeaie was filtered on a glass sinter,

washed well with water and then air dried overnighgive 0.66 g of a gray/green powder.

3Mn(NO3), + 2H;P0O, —» Mn3(P0,), + 6HNO; + 3MnPo, + 30; (V)
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6.2.5.4 XANES and EXAFS set-up

For the XANES studies, the manganese compoundsmweras solid samples, dispersed in
boron nitride powder, (refer Appendix Table B1l) @i in the modelling of solid
manganese deposits in the viable bacteria). Allogioal samples were premounted in
XAS plastic sample holders of 1 mm thickness. RejgeaXANES scans () were
inspected for loss of signal because of radiatiamape; the time to radiation damage
determined the time for the collection of EXAFS algter sample. All samples were
examined by XANES at the manganese K edge in theggmrange 6525600 eV. Based
on the XANES results, selected samples were amhiyr¢gher by EXAFS over the energy
range 65257130 eV (to k ~ 12). Data were collected at ~ 2@oKminimize radiation

damage and to maximize the high resolution signal.

6.3 Results and discussion

In an earlier study (Chapter 4), it was observed Hacteria stored at low relative humidity
had better protection than bacteria stored at mejative humidity. The ability of_.
paracaseito maintain viability may be enhanced by the orgimmnaccumulating manganese,
which can act as a free radical scavenger. It eags lpbserved thaiactobacillussp. may
accumulate large amounts of manganese, which ms\pdotection to the bacteria against
oxidative damage (Archibald and Fridovich, 1981381b; Barnese et al. 2008, 2012; Daly
et al. 2004). Recently, Barnese et al. (2012) pedi systematic evidence on the
mechanism and demonstrated how manganese(ll) cersbperoxide in cellular systems.
Therefore, the first step was to ascertain the gmas of manganese in. paracasei.

Chapter 5 describes how freshly harvested bac(eriparacasei were freeze dried and
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studied using EDS and how IEMS confirmed the accumulation of manganese. Further
was established using XFM that the milk powder iraised for embedding the bacteria
did not contain manganese and that manganese hatl@nce on the viability of the
bacteria during storage. The contribution of thanges in manganese to the maintenance
of the viability of the bacteria in a milk powderinx was therefore thought to be worthy
of further investigation. ESR spectroscopy was usedtudy the changes in manganese
during storage at low and high water activity. ABPFMS study (Section 5.3.1) had
revealed that ESR-sensitive elements, such asamdncopper, which could interfere with

the signal, were present in the cells in very merarnounts compared with manganese.

Manganese was present in the encapsulating matréxlew level (0.21 mg/kg), which
would not influence the ESR spectrum of the endapstl bacteria; the amount of
manganese detected in the bacteria embedded irewhitk powder (WMP), the dairy
matrix, was 71 mg/kg. A high amount of phosphorushie bacteria was shown by IEP
OES (optical emission spectroscopy) (Table 5.1¢gsesting the likelihood of manganese
being present as manganese phosphate, as repoeadugly (Archibald and Duong,

1984).

Powders stored at lower water activities 0.15had 0.33 @ had broad ESR spectra (Figure
6-1 a, b, d, e, g, h). Freeze-dried and spray-gsmeders stored at 0.52 &ad hyperfine
splitting (Figure 6-1 c, i), whereas fluidized-bdded powder stored at,&).52 had no

hyperfine splitting (Figure 6-1 f).
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‘a Broad manganese(ll) ESR signals
were probably due to the polymerjc
nature of the manganese(ll) salis.
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Figure 6-1 Second derivative ESR spectra of frelias, fluidized-bed-dried and spray-dried bactgg@vders after 1 month of

storage at 25°C and controlled relative humiditgditons of 0.11 @ (a, d, g), 0.33,a(b, e, h) and 0.52,4c, f, i) .
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Figure 6-2 ESR spectra of (a) freshly harvestedebiacand (b) freeze-dried bacteria without the Wildity matrix.
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The ESR spectra of the bacterial powders were mmdxdaat room temperature. However, to
acquire an ESR signal from the freshly harvestedtdba without the matrix, it was
necessary to cool the sample-fics0°C. The spectrum obtained (Figure 6-2a) had tiyyee
splitting, similar to that observed for the sprajed and freeze-dried powders stored at
0.52 §. The ESR spectrum of freeze-dried bacteria withbatmatrix (Figure 6-2b) also
showed hyperfine splitting. The ESR spectrum of WikRbwed no manganese and
provided sufficient evidence that the spectruminated from the bacteria and not from the

matrix.

To validate that the spectrum originated only fnro@nganese and not from other transition
metal elements, the g value of the ESR spectrumcivasked. Each transition metal has a
specific g value and calculation of the g valuevgies a means to identify the metal. A
DPPH standard was used to calculate the g valder (fg@pendix Figure B3), which was
found to be ‘2.0’. Manganese, as manganese(ll),ahalsaracteristic ESR signal with a g
factor close to 2.0 and the possibility of eighielihyperfine splitting from the | = 772Mn
nucleus. Free manganese probably existed in tlezdrdried and spray-dried powders
stored at a water activity of 0.52, resulting ire thyperfine splitting (water surrounding
manganese was released from the dead bacteriakirfPets al. 1980). However, such
hyperfine splitting was not observed for the flaetl-bed-dried powder, possibly because
of the differences in its structure, which was c¢stesit with the analytical results obtained
from Fourier transform infrared, Raman and nucleagnetic resonance spectroscopy, as

observed in Chapter 4.
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Intact Casein Intact
Electron- bacterial micelle fat Casein Damaged bacterial Ruptured
dense spots cell wall globule micelle cell wall fat globule

Figure 6-3 Left-hand panel: electron-dense sposemed in bacteria embedded in WMP stored at

a, 0.11. Right-hand panel: an absence of electrosalspots for a sample stored a0ab2.

TEM was used to visualize the manganese depositdcastudy the differences between
samples stored at 0.1}, and 0.52 g using EELS and EDS. The TEM image showed that
the sample stored at 0.52 &ad a characteristic mobility of the fat, wherees such
mobility was observed in the sample stored at @&1{Figure 6-3). Moreover, damage to
the bacterial cell membrane was evident in the $angtored at 0.52 ,a Further,
manganese deposits (electron-dense dark spots)clearty evident in the sample stored at
0.11 g, whereas there was loss of the manganese in thelesatored at 0.52,a A
possible explanation might be that bacterial deatults in a lowering of the bacterial

cytosolic pH with resultant solubilization of theanganese. Archibald and Duong (1984)
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shed light on the possible reason for the obsediéerence. Their study highlighted that
formaldehyde (1% v/v) or glutaraldehyde (5% v/v)swable to seal the cells, completely
preventing the loss of manganese. However, in tedted with toluene (which disrupts
the cell membrane), the addition of glutaraldehgdé&rmaldehyde did not prevent the exit
of manganese from the cells. The observed differém¢he TEM images may have been
due to oxidation of the cell membrane resultinghie loss of manganese during the sample

preparation step.

This cell membrane damage and the presence of mesgaled to a study of
manganese(lll) formation during storage of the &dat powders at higher water activity
(0.52 g). It must be mentioned that manganese(lll) hasipusly been reported to cause

oxidative damage to neuron cells (Gunter et al5200

Therefore, it became evident that determinatiothefoxidation state of manganese might
provide a rationale for the loss of bacterial Viilpiupon storage at higher water activity
(0.52 @). An EELS instrument attached to a transmissieastsbn microscope was used to
determine the oxidation state. However, EELS waablento detect the core loss peaks
from manganese. The EELS spectrum, acquired imger&rom 400 to 900 eV, revealed
only the O-K edge (532 eV); the manganese L2 anddges at 640 eV and 651 eV could

not be observed (Figure 6-4).

As EELS data could not be obtained, an attempt wade to determine the presence of
manganese in the TEM spots using EDS. EDS elemevaps of carbon (C), nitrogen (N),
oxygen (O), sulphur (S) and manganese (Mn) in doéiened bacteria are shown in Figure

6-5. However, EDS was unable to distinguish smalhganese particles (less than 20 nm).
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One possibility was that, because the bacterialpksnhad high electron irradiation
sensitivity, they could not stand a long exposorelectron radiation, when EDS or EELS
was applied, even though they were observed atrut@le@ keV and with the objective
aperture inserted. Further, the nanosize of thiecpes, beyond the spatial resolution of the

CM-120 EELS and JEOL-1400 EDS techniques, mighehasulted in the non-detection.

The presence of manganese in the bacteria wasroaadfiby EDS combined with SEM,
(ICP-MS) and XFM. Further, ESR spectroscopy revealeterdinhces in the manganese
spectra during storage. TEM was able to identigctebn-dense manganese bodies within
the bacteria, but further characterization of thiesdies using EELS and EDS combined
with TEM was not possible. Differences in the marmgge ESR spectrum with increased
bacterial death was also observed but the techsiigpeee unable to identify the presence of
manganese(lll), let alone the ratio of manganesé@imanganese(lll). Manganese(lll)
(generally undetectable by ESR at liquid nitrogemperature) is known to oxidize
important cellular components (Gunter et al. 2006)vas therefore of interest to explore
further the changes that occur within the mangares#ies under different levels of
oxidative stress (comparison of samples storedldt & and 0.52 g and to correlate these

changes with the loss of viability upon storage.
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.

Figure 6-4 (a) TEM field image of bacterial sect{etectron-dense points inside the cell) and (b)dbrresponding EEL spectrum in a range
from 400 to 900 eV. The O-K edge (532 eV) coulddbserved. The manganese L2 and L3 edges at 64&\65 eV could not be

observed in this spectrum.
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Figure 6-5 EDS elemental maps of dead bacteriaigigative five elements C, N, O, S and Mn. The

noise or background is apparent. The Mn and S mapsde low spatial resolution.
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To study at this high sensitivity, the high sigt@hoise ratio of EXAFS spectroscopy, such
as that provided by a synchrotron, was used. ForXAS study, the set of model com-

pounds was carefully chosen to represent likely gleres in which manganese(ll) and

manganese(lll) could be bound to bacterial samflese. seven standards used in the pre-
sent study were manganese(ll) phosphate, mangdhesaftate, manganese(ll) sulphate,

manganese (ll) chloride, manganese(ll) carbonatganese(lll) acetate and manga-
nese(lll) phosphate, and these were chosen thdispectrum of the freeze-dried para-

casei.

Figure 6-6 shows the edge-normalized XANES speatrthis set of manganese(ll) and
manganese(lll) model compounds. The XANES spedtthieo manganese(ll) compounds
appeared to be similar to each other, but diffefesrh those of the two manganese(lll)

compounds, as reported previously (Fernando @040; Gunter et al. 2006)

Figure 6-7(a) compares the edge-normalized XANES8ctspm of manganese ih.
paracaseicells with the XANES spectra of a set of model comupds. The sample
spectrum closely resembled that of the mangangsa@tel compound but was distinctly
different from that of the manganese(lll) model pmund. The small pre-edge peak at
6540.6 eV, the intense peak at 6553 eV and thetrgpabape on the high energy side of
the bacterial samples are indicative of an octaleor pseudo-octahedral coordination

environment around manganese(ll) (Belli et al. 2980



186

— Mn(ll) sulphate

—— Mn (ll) acetate

. - Mn(ll) carbonate
Mn(Il)chloride

— Mn(ll) phosphate

— Mn(lll) acetate

Mn(lll) phosphate

Normalized xu (E)

6500 6520 6540 6560 6580 6600
E (eV)

Figure 6-6 XANES absorption spectra of a set of ehatbmpounds- manganese(ll) sulphate, manganese(ll) acetateganase(ll)

carbonate, manganese(ll) chloride, manganese(@3pitate, manganese(lll) acetate and manganegd(tigphate.
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Figure 6-7 (a) XANES absorption spectra of freshirvestedL. paracasei linear combination fit of manganese(ll) phosphatel
manganese(ll) acetate, manganese(ll) phosphategamese(ll) acetate and manganese(lll) acetateEXBFS spectra of.. paracasei

linear combination fit of manganese(ll) phosphaié manganese(ll) acetate, manganese(ll) phosphdtmanganese(ll) acetate.
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The bacterial XANES spectrunh.(paracaseincubated for 18 h in a medium containing
224 mM manganese) was compared with the spectitzeainodel compounds. A mixture
of 0.695 manganese(ll) phosphate + 0.295 mangdihesegtate was found to best fit the
manganese present in the bacteria; this fit ha® &uctor of less than 0.002, i.e. less than
the 0.05 that is normally considered to be a gabdThe R factors for all the other
compounds, including the manganese(lll) model camdo did not indicate good fits.
Figure 6-7(b) provides insight into the EXAFS spadaif the model compounds in relation

to L. paracasei

Figure 6-8(a) compares the spectra flonparacaseincubated for 12 and 18 h in a growth
medium (MRS) containing 224 mM of manganese. Adtdr of incubation, there was no

manganese uptake, resulting in no spectrum. Theltsesuggested that increased
manganese uptake occurred between 4 and 12 hwilgrohere was no indication that a
manganese(lll) complex appeared or accumulatedtower The cells that were harvested
after 18 h and either treated with ethanol 70% )(@w sonicated resulted in no further
change in the spectrum. The purpose of the etha@alment and the sonication process
was to determine whether the oxidation of mangghg¢s® manganese(lll) occurred

during bacterial death in the pro-oxidizing enviment and whether the necessary
stabilizing agents were present within the badieedls. The result suggested that neither
the ethanol treatment nor the sonication procesd tessimulate bacterial death conditions

showed any characteristics of manganesdd@ttation.
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Figure 6-8 (a) XANES spectra and (b) EXAFS speofila. paracaseharvested after 12 h (red) or 18 h (black) of gloimtMRS medium

L. paracaseiharvested after 18 h and then treated with eth@reken).L. paracaseiharvested after 18 h and then sonicaigsllow).
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Figure 6-8(b) compares the EXAFS spectra of theddeaparacaseicells (by ethanol
treatment or sonication) with the spectra of tHésdearvested after 12 and 18h. The best fit
for L. paracaseincubated for 18 hin a medium containing 224 mM gaarese(ll) was to
the spectrum of a sum of 0.695 manganese(ll) plaisph 0.295 manganese(ll) acetate,
which summed to 1; this had an R factor of lesa &@02. An R factor value of less than

0.05 is considered to be a good fit (refer Apperigi).

After collecting background information using XA rielation to the manganese in the
paracasei bacterial system, the focus was to determine whethe pro-oxidative
environment [storage of bacteria under high watgividy conditions (0.52 @] leads to
increased bacterial death because of the conveirsionmanganese(ll) to manganese(lll).
Another part of the study was to find the possdaases for the observed differences in the
ESR spectra of the freeze-dried, spray-dried andifled-bed-dried powders stored at 0.52

aw, as observed in Chapter 4.

The XANES and EXAFS spectra of the freeze-driedagqried and fluidized-bed-dried
powders stored at all three different water ad@isitare compared in Figure 6-9. The
sample spectrum was similar to that of the mangghgsnodel compound but not to that
of the manganese(lll) model compound, which indidathe presence of manganese in the

system and no difference in the manganese specidtiong storage.
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Figure 6-9 (a) XANES and (b) EXAFS spectra of fieelziedL. paracaseiin (FZD 0.1) 0.11 g
(FZD 0.3) 0.33 @ and (FZD 0.5) 0.52,a (c) XANES and (d) EXAFS spectra of spray-dried
paracaseiin (SPD 0.1) 0.11,a (SPD 0.3) 0.33,aand (SPD 0.5) 0.52,a(e) XANES and (f)
EXAFS spectra of fluidized-bed-dridd paracaseiin (FBD 0.1) 0.11 @ (SPD 0.3) 0.33 ,aand

(SPD 0.5) 0.52,a

It has been reported previously thatplantarumtakes up manganese in the manganese(ll)

oxidation state (Archibald and Fridovich 1982a; iéese et al. 2008; Barnese et al. 2012),
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but the studies lackeid situ characterization. After establishing the presesfceelatively
high amounts of manganeselinparacaseiusing ICROES/ MS and EDS, the next step
was the use of XFM to monitor the changes in maegarduring storage, to provide
valuable information in relation to bacterial viktyi in dried powders. The samples stored
at gy 0.52 had different ESR spectra (hyperfine sptftitom the samples stored at lower
water activity (g 0.33, 0.11), which had broad spectra that wereracheristic of

manganese phosphate.

Overall, an important aspect of this work was enwdethat the presence of free manganese
along with water in the freeze-dried and spraydipewders stored at,@.52 resulted in
hyperfine splitting. Similar hyperfine splitting ehanganese in the presence of water had
been reported previously (Puskin et al. 1980). Hyigerfine splitting may possibly have
arisen as a result of water surrounding the marsgameing released from the dead
bacteria. However, such hyperfine splitting wasosated in the case of the fluidized-bed-
dried powder stored at,@.52, probably because of the rigid structureheffat, the lower
protein hydration (as previously observed in Fauttansform infrared spectra) and the

different crystal form (as observed by X-ray ditftian).

TEM of the @ 0.11 and @ 0.52 freeze-dried samples suggested increasedcutaie
mobility when stored under higher water activityndiions. The TEM results (in which an
increased molecular disorder was seen in sampmesdsat g 0.52 compared with samples
stored at @ 0.11) supported the Fourier transform infrared Radhan spectroscopic results
reported in Chapter 4. Moreover, damage to theebiattcell membrane was observed in
the samples stored af, .52, whereas no cell membrane damage was obsearviz

samples stored af,&.11. An electron-dense substance was observid isamples stored
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at low water activity (@ 0.11). However, there was loss of the manganesesttérom the
samples stored at higher water activity (852). This shed light on the results from this
study. For live bacteria, the glutaraldehyde fizatstep was able to retain the manganese;
however, for dead cells stored at high water agti(a, 0.52), the manganese leached out
either during the TEM sample preparation step arthe ruptured cell membrane as a result

of membrane lipid oxidation during bacterial death.

Manganese is known to possess pro-and anti-ox&lghmoperties, and understanding
changes in the manganese oxidation state is coadidie provide some further insight into
the mechanisms of bacterial death. Manganese@s) greviously been reported to cause
oxidative damage to neuron cells (Gunter et al6200hus, determination of the oxidation
state of manganese was considered to provide Jeliugbrmation on the loss of viability
of the bacteria stored at higher water activity RE®Bas limited to visualizing only the
manganese(ll) oxidation state at liquid nitrogempgerature; manganese(lll) detection
required a very low temperature of 10 K, which wed available at the ESR facility.
Therefore, to understand the oxidation state ohthaganese bodies, EELS combined with
TEM was carried out. However, EELS could not deteetmanganese core loss peak and a
further attempt using EDS to detect manganese i BEctions was unsuccessful. The
reason why the electron-dense manganese partickeg ibacteria could not be detected is
unclear. It may be that the nanosize of the padiglas beyond the spatial resolution of the

CM-120 EELS technique and the JEOL-1400 EDS tealmiq

In view of the relatively high concentration of ngamese in lactobacilli and the pro- and
anti-oxidative properties of manganese (HaMai anddy, 2004; Jaramillo et al. 2012), it

was important to better understand the oxidati@testthe coordination number and the
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ligands of the manganese in bacteria embeddeddairg matrix and their change upon
storage in controlled water activity environmertsappeared to be possible to characterize
the changes in manganese within bacteria using X&&unter et al. 2006; Haumann et
al. 2005; Smolentsev et al. 2009), along with mam@hpounds containing manganese(ll)
phosphate, manganese(ll) carbonate, manganese(ifirogen phosphate and
manganese(lll) acetate, which are supposed togeavipool of samples that might further

aid in modelling then vivo speciation of manganese.

Synchrotron XAS was employed to determine the chanat occurred in manganese
bodies during storage of the bacteria under higtemectivity conditions (0.52,3, when
there was an increased loss of bacterial viabdltynpared with storage under lower water

activity conditions (0.11.9.

The XANES data obtained from tHe paracaseiclearly demonstrated that intracellular
manganese in probioticactobacillussp. is predominantly taken up as manganesa(ll)
situ, and both the EXAFS data and the XANES data strorigippured a mixture of
manganese(ll) phosphate and manganese(ll) acetdtee dinding ions. A manganese(ll)
phosphate and manganese(ll) acetate mixture iticaafa70:30 resulted in a better R factor
that was found with other possible combinationse presence of manganese in the form of
manganese phosphate was previously suggested,guven in a manganese-rich medium
(Archibald and Fridovich 1981b, 1981a, 1982a; Bsenet al. 2008, 2012; Puskin et al.
1980), utilizing ESR spectroscopy. Thmesitu ESR spectroscopy of bacteria and the XAS
results obtained from the present study reconfirtieed phosphate ions are attached to

manganese ih. paracasei
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Manganese(ll) acetate standard was used in thentstudy with the idea that it would be

a proxy for protein/peptide interactions with mamgse. Manganese-associated proteins
and peptides have been reported to provide proteati radiation-resistarid. radiodurans
(Tabares and Un, 2013; Daly et al. 2006). Howeagmanganese possesses pro- and anti-
oxidative properties (HaMai and Bondy 2004), assiimn of manganese with phosphate
and peptides when grown in a manganese-rich medmay prevent manganese
sequestering with vital cellular proteins withiretbells. Manganese phosphate (Archibald
and Fridovich 1982a; Barnese et al. 2008, 2012)phaegiously been reported to possess
free-radical-scavenging activity, and is possiltg tonly mode of defence against free
radicals inLactobacillussp. in the absence of manganese superoxide disen(Aachibald

and Fridovich 1981a, 1981b).

The possibility of intracellular manganese formo@mnplexes differently within different
Lactobacillussp., under live and dead conditions, during s®@ragin different growth
phases, cannot be ignored. However, the presaut seggested that the bacteria are more
likely to remain in the same state and form. Theeee no indications of any difference in
the manganese oxidation state that could be lirntkegossible bacterial death, during
ethanol treatment or sonication, which were usedintaulate bacterial death conditions.
Also, from the spectra, there was no indication tlié presence of manganese(lll)
complexes. Moreover, manganese(lll) formation mae pro-oxidative environment, such
as storage under higher water activity conditiomsuld not be established. If
manganese(lll) is formed and is rapidly reducedmanganese(llpbefore measurable
accumulation occurs, the nature of the damage wprdtably be difficult to distinguish

from other cell damage mechanisms. However, theral$o the possibility that, as
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manganese(lis present in higher amounts, this might disgusepresence of small traces
of manganese(lll) (Fernando et al. 2010; Guntealet2006). A technique such as
XANES using X-ray microspectroscopy may be usefuldetermining speciation [the

presence of manganese(llif]situ.

In situ X-ray crystallography results (G B Jameson, pabsaommunication, December
2012) for manganese hyper-accumulation Lin paracaseidid not reveal crystalline
manganese phosphate. Manganese present in theridacmy therefore occur
predominantly in soluble form, similar to that refgal in foliar manganese in manganese

hyper-accumulators in plant cells (Bidwell et &02; Fernando et al. 2006).

In a separate study (refer Appendix Figure B1 a@§l BANES and EXAFS spectrum of
Lactobacillus plantarun299v (a probiotic strain harvested after 18h growths analysed.
No difference between the spectra of theparacaseiand L. plantarumcells could be
observed. Moreover, freeze dried samples stored, &0 and 40°C did not any show

differerence.

6.4 Conclusions

Most past researchers (Watanabe et al. 2012; Aatchdnd Fridovich 1982a; Barnese et al.
2008, 2012) have focused anplantarumand the presence of manganese deposits in this
bacterium. The present study provided strong eweédhat the binding of manganese in
probiotic L. paracaseiand L. plantarum may possibly be a mixture of manganese
phosphate and manganese acetate, with the acetiaig @ a proxy for protein interactions
with manganese. The recent focus in the field afbjmtics has been to incorporate

probiotics into ambient long shelf life productsh@@ez and Ledeboer, 2007). The addition
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of manganese to the growth medium is known to er#ahe stability of lactobacilli
(Watanabe et al. 2012). However, less is known ahow this accumulated manganese
might behave during storage. Manganese having grd-anti-oxidative properties raises
the question of the safety of probiotic food pradueith long shelf lives. In the present
study, XAS showed convincingly that the manganesesent in L. paracaseiis
predominantly manganese(ll) with phosphate andasedbeing the binding ligands. It
should be mentioned that no visible changes insieciation of manganese could be
observed irL. paracaseiduring ambient storage at water activities of 0(.B3 and 0.52.
There were no differences during various stagegr@ivth or during sonication or ethanol
treatment to induce cell death. Future studiespngu{FM combined with XANES to
determine the presence of manganese(lll), are nedjub determine the formation of
manganese(lll) in bacterial cells during the celath process. Moreover, it would also be
of interest to explore the various levels of marmeg@naccumulated Wy paracaseiduring
various stages of growth and to look for possilbeelations between storage stability and

manganese levels in bacteria.
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Chapter 7Overall discussion, conclusions and recommendaftmns

future work

7.1 Discussion

Probiotic bacteria have gained tremendous atterdiento their health beneficial effects.
For probiotic bacteria consumed as a part of fitag,generally agreed that 1GFU (col-
ony-forming units) of viable cells per gram of fopbduct need to be present at the end of
shelf life to confer a health benefit (Dave and I§h&997; Kebary, 1996; Lee and
Salminen, 1995; Rybka and Kailasapathy, 1995). muinternational Scientific associa-
tion for probiotics and prebiotics (ISSAP) meetimgd on 23rd October 2013, several clin-
ical and scientific experts, suggested that théipt@ framework must only include mi-
crobial species that have been shown to providétbaneficial effect in well conducted
controlled human studies, and manufacturers usiogigtics in food or food supplement
with a specific health claim must provide proofidety of viable probiotics at efficacious
dose at the end of shelf life (Hill et al. 2014 3tabilize probiotic bacteria for long term
storage, a suitable stabilization technology, togetvith an appropriate drying method,
matrix constituents and matrix architecture, isuiegf. Therefore, the overall aim of this
thesis was to get a better understanding of theramfluencing the storage stability of the
probiotic bacteria. The encapsulation of bacteriprbtective matrix capable of minimizing
the loss in the bacterial viability during storageconsidered to have promising potential

for the application of probiotics in dried products

The objective of the preliminary study was to gegme fundamental understanding of the

role of matrix components, such as fat, protein eemtbohydrate, on the viability of the
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paracaseiduring storage at temperature (4, 25 and 37°C) PW&MP or MPI was used to
simulate the protective effect of matrix containimgk fat+ milk protein + lactose, milk
protein + lactose and only milk protein. The paracaseiharvested from the stationary
phase were used in the study, as they demonstrad¢eg stress resistance than log phase
cells (Chapter 5). The probiotic lactobacilli emted in the WMP matrix, using fluidized
bed drying technique, provided better protectiompared to SMP and MPI matrix. Upon
storage, as expected, with an increase in watefitgaif the sample a decrease in bacterial
viability was observed, consistent with the findingf the previous researchers (Ananta et
al. 2005; Miao et al. 2008). Similarly, an incre@sehe storage temperature resulted in an
increase in the bacterial death. Moreover, theedsfice in the storage stability of the pow-
ders produced by fluidized bed drying was also tbimbe influenced by the crystallization
of lactose in the samples, which further reinfortdeslimportance of glassy state responsi-
ble for preventing cell death, as reported by otesearchers in the past (Miao et al. 2008).
The protective effect of the fat was observed g \WMP samples stored at 37°C, where a
2.5 logo reduction was observed during the first four weafkstorage. In contrast, the ma-
trix comprising of SMP and MPI provided limited peotion when stored at 37°C, resulting
in complete loss in viability in the SMP and MPhgaes. The importance of fat in provid-
ing greater viability on thé. paracaseiwas also consistent with the results of previous
reports where the presence of fat in the matrix feasd to improve the storage stability of
encapsulated probiotic bacteria (Hou et al. 20G8itinen et al. 2007). The confocal laser
scanning microscopy study provided an insight theolocation of bacteria in fluidized bed
dried powder; where bacteria were found just untlersurface of the matrix, mainly as

aggregated clumps.
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With these preliminary observations, it was impott® explore the following questions.

Does the drying technique have an influence onihtig® Could choosing different tech-
nigques provide new insights into the changes irrisn#tat might be linked to the bacterial

viability?

Does the presence of fat in the encapsulating maprove the viability of the bacteria?
What are the suitable techniques to study the asmnmgthe bacterial matrix during stor-

age?

Does crystallization of lactose affect the bacteviability?

Is water activity or water in the dried sample intpat?

Is there a possibility to improve the bacterialbiliy by controlling the water activity of

the samples?

How does the powder structure relate with the bedteiability?

To answer these questions, initially the impaatiging methods on the survival bf par-
acaseiin a whole milk powder matrix during storage at°Zbwas explored. As expected,
for all drying methods (freeze drying, spray dryend fluidized bed drying) used, the wa-
ter activity during storage of the dried powderswaportant. A higher water activity (0.5
ay) at 25°C during storage led to an increased lbbaderial viability. There lied the need
to understand how the differences in storage ld®vben the powders produced by differ-

ent drying methods arise.
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Although the initial moisture contents of the powaldiffered markedly, this did not seem
to be an important in the long term viability oéth. paracaseiAlthough the powders had
initial moisture contents ranging from 1.7 to 7.24y these moisture contents did not re-

flect those after storage under controlled humidity

Previous studies have shown the importance of thistare content in the viability of bac-
teria in powders during storage, with increasingnimisture content leading to a rapid loss
of bacterial viability (Gunning et al. 1995; Hsiabal. 2004; Miao et al. 2008). The mois-
ture contents of the powders stored at O Jtvere in the range 1.7-2.6%; at this low level,
the bacterial viability was retained for long peiso(115 days). However, it would be diffi-
cult to maintain such low humidity storage enviramnts in the commercial use of such
products. At 0.33 @ the moisture contents of the stored powders asze to 4.8-5.4%,
which affected the bacterial viability; small diféeces in moisture content led to large dif-

ferences in storage life.

At higher water activity (@0.52), the moisture content continued to increhgéng stor-
age, with a corresponding reduction in the vialaletérial cell counts. During storage of the
powders at 0.52,a crystallization of lactose occurred, ifelactose for the spray dried and
freeze dried powders andlactose monohydrate for the fluidized-bed-driedvger, as
indicated by X-ray diffraction and FTIR spectrosgophe water strongly bound as water
of crystallization was not removed during the maistcontent estimation (102 + 2 °C for 3
h). Equilibration of the powders at 0.52ked to a shorter storage life of viable bacteria,
possibly due to the loss of the stabilizing glaste with the formation of crystalline lac-

tose. The glassy state provides a matrix thatdimmblecular mobility and therefore limits
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the exchange of oxygen. This may possibly limit deteriorative oxidative reactions that

lead to bacterial membrane lipid oxidation and ldé¥go et al. 2008).

The differences in the moisture content after gferander controlled humidity environ-
ments between the powders produced by differenbgnmypethods were probably due to the
morphology, including the porosity and the struetuwf the powders. The external mor-
phologies were clearly different, with spray dryipgpducing largely free spherical parti-
cles of 20-100 um diameter, fluidized bed dryingdorcing larger agglomerated powders
of 100-700 um and freeze drying producing largeéeplaFluidized bed drying and spray
drying produced similar porosities, i.e. around 388anected porosity. In contrast, freeze
drying produced 71% connected porosity. The magstumtent after equilibration at con-
trolled humidity was the highest for the freezeedrimaterial and the lowest for the fluid-
ized-bed-dried material. It is likely that water svarimarily absorbed initially to the pow-
der surfaces. The surface area for water absorgépends on both the particle size and the
porosity. The fluidized-bed-dried powder had thevdst surface area, which was probably
why it had the lowest moisture content after steraga controlled humidity environment.
The freeze dried material had the highest connegtedsity, providing a large internal
surface area for water absorption, which may haenlthe reason for its high moisture

content after storage in a controlled humidity eowment.

The structures of the whole milk powder dngaracasemixtures varied upon storage in a
controlled water activity environment (0.11, 0.381d.52 g). At the highest water activity
(0.52a,), all the powders (freeze dried, spray dried aldized bed dried powders)
showed crystallization. This was evident as theettgpment of Bragg peaks in X-ray dif-

fraction, crystalline lactose vibrational absorbes)in FTIR spectroscopy and a decrease in
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the moisture that was released by heating at 10Ht@ever, the bacteria in all of these
powders had very poor storage stability. Therefeven though some of the water was tied

up as water of crystallization, this did not impeahe stability of the bacteria.

As the differences between the different dryinghtegues were apparent after storage at
0.33 a, the differences between the powders under theseittons may reveal aspects of
structure that affect bacterial storage stabiliéyray diffraction showed no differences, as
all these powders appeared to be X-ray amorphooweklker, FT-IR PCA identified nota-
ble differences in molecular mobility and indicataf hydration of protein and lactose be-
tween less storage-stable powder (spray dried eserd dried) and more storage-stable

powder (fluidized bed dried).

Higher water activity conditions have always beeunid to be associated with bacterial
death. However, the presence of high amount of watéhe matrix also creates interfer-
ences, which poses difficulty in studying FT-IR sfpem. However, Raman spectroscopy
provided the added advantage to studying the sampiilout interfering water signals.
Apart from the crystallization of the samples oledrin the samples stored at 0.5¢2 a
Raman spectroscopy was also able to identify arased molecular mobility of fat in the
samples stored at high water activity condition§Z0s, ). The Raman spectroscopy result
indicated that the fluidized bed dried powder hddsa mobile fat compared to spray dried

and freeze dried powders.

Molecular mobility has generally been associatetth Wwacterial death; a classic example is
the crystallization of lactose in the samples anmtkaneous loss in bacterial viability (Mi-

ao et al. 2008), which indirectly suggest molecuhability in the system. A possible rea-
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son is that a increased molecular mobility resultgicreased rate of oxidative reactions,
within the powder resulting in lower bacterial viiitlp. Therefore,*C solid state NMR was
carried out to assess the molecular mobility indpstem. The>C solid state NMR spec-

trum of the samples suggested that the fluidizetdsed powder was most stable.

The use of different spectroscopic techniques tolysthe changes in the matrix which
could be correlated with bacterial viability wasread out to ensure comprehensive charac-

terization of the embedding matrix system, andghier study the changes during storage.

The ability ofL. paracaseito maintain viability may be enhanced by the &pitif the or-
ganism to accumulate manganese, which can actfiee aadical scavenger. It has been
observed thaLactobacillussp. may accumulate large amounts of manganesehvpino-
vides protection to the bacteria against oxidati@enage (Archibald and Fridovich, 1981a,;
Barnese et al. 2008, 2012; Daly et al. 2004). RiceRarnese et al. (2012) demonstrated
how manganese combats superoxide in the celluktesy An estimation of the relative
concentration of low molecular weight ligands thatd to manganese was carried out, fol-
lowed by an investigation on the reactivity of ta@sanganese containing species with O
The key finding from this study showed that undemwated physiological conditions of
concentration and pH, both manganese phosphatenandanese carbonate are able to
catalytically remove superoxide from solution. Tibeel of manganese in freeze dried
paracaseiusing ICP-MS, was found to be 1.55 wt%, which wdsgh concentration for
such a component (Archibald and Fridovich, 1981h)e contribution of manganese to
enhancing the storage stability of probiotics imit&k powder matrix was therefore thought

to be an important aspect to be considered inéxée study.
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X-ray fluorescent microscopy (XFM) was employedd&termine the changes in the ele-
mental composition df paracaseiduring growth in MRS medium with or without manga-
nese (manganese rich vs manganese deficient mediusngas a function of physiological
growth state (early log vs. stationary phase). idseilts revealed that lower level of man-
ganese accumulation occurred during early log pbabacterial growth compared with the
stationary phase cells. The lower level of mangarmezumulation could be related to the
loss in bacterial viability during the storage stu@he results suggest bacteria harvested in
early log phase, grown in MRS medium, may providedr protection to the bacteria
against oxidative stress and unsuitable for stadiitbbn. The results are consistent with oth-
er reports which suggest the stationary phase asdlsnore robust for encapsulation (Cor-
coran et al. 2004). It may possibly be due to highanganese accumulation occurring in
the stationary phase cells. The present resultjatdgdies the use of stationary phase har-
vested cells for all other experiments. MoreovefMXresults further validated that manga-
nese was not present in the embedding matrix wtoctd possibly interfere with manga-
nese present in the bacteria. With the basic utatetsg of importance of manganesé.in
paracasei and the embedding matrix being deficient in mawega, it became obvious to
explore the changes during storage, utilizing marga as a tracer component. It was hy-
pothesized that the changes that occur in the nmasgaligands present in the sample
stored at different water activity among the baatgpowders might provide new infor-

mation about bacterial storage stability.

ESR spectroscopy which has the ability to deteetigs that have unpaired electrons, was
used primarily for detecting the changes in the gaaese speciation occurring in the bac-

teria during storage at low and higher relative ity conditions. Further, it has an added
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advantage of detecting-situ manganese, without extraction or further procegsswhich
may change the manganese speciation. ESR spegyopcovided useful insights; the
samples stored at low water activity, primarily @,land 0.3 @ had a characteristic broad
spectrum representing manganese phosphate, whiehldeen proposed to be present in
the Lactobacillussp. (Archibald and Duong, 1984). However, the danspored at high
water activity especially the freeze dried andspeay dried samples stored at 0,5had a
characteristic splitting typical of hexaaquo spsciwehile the fluidized bed dried powder
stored at 0.5,ahad characteristic broad spectrum. The ESR speabfithe bacterial pow-
ders was readily obtained at room temperature. Meweo acquire the ESR signal of the
freshly harvested bacteria without the matrix, @swnecessary to cool the sample to -
160°C. The spectrum thus obtained had hyperfingisgl similar to that observed in spray
dried and freeze dried powder stored at Q.F=5R spectrum of the matrix without bacteria
revealed no peaks and provided enough evidenceghlBaESR spectrum was originating

from the bacteria and not from the matrix.

To validate that the origin of the spectrum wasrfronly manganese and not from other
transition elements, the g value of the ESR spettmas determined. Each transition metal
has a specific g value and the calculation of giegdrovides as a means to identify them.
DPPH standard ran alongside to determine calcutatemiue was found to be “2.0”. The g

value of 2.0 represents Manganese, as Mn (ll),hesda characteristic ESR signal with the
possibility of 8 line hyperfine splitting from thie 7/2 55Mn nucleus. The changes ob-
served in the in the ESR spectrum led us to expglwgossibility of visualizing the man-

ganese deposits and the changes that might befurtbnitored to determine the causes of

increased bacterial death during storage at higjaggr activity conditions.
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Transmission electron microscopy, used to studydtfierence between the low (0.1})a
and high water activity (0.52,astored samples, revealed mobility of fat in taenples
stored at 0.52,a This finding was consistant with FT-IR and Ransgectroscopic results,
where an increased C-H stretching was observetkeisamples stored at 0.52,avhile no
such mobility was observed in the TEM images ofgamples stored at low water activity
(0.11 ). Moreover, the damage of the bacterial cell memérwas observed in the sam-
ples stored at high relative humidity, while nol eceémbrane damage was observed in the
samples stored at low relative humidity. Electremsk material was observed in the sam-
ples stored at lower water activity conditions (0&,). However, there was a loss in the
manganese deposits in the higher water activiy2(@,) stored sample. A possible expla-
nation might be the bacterial death results inltwesring of the bacterial cytosolic pH re-
sulting in the solubilization of manganese. Thaultesf a study carried by Archibald and
Duong (1984) was able to explain the reason foothserved difference. Their study high-
lighted that formaldehyde (1%v/v) or glutaraldehy®&bo v/v) was able to seal the cells
completely preventing the loss of manganese. Winléoluene treated cells, which rup-
tures the cell membrane (simulating cell death targ), it was observed that the addition
of glutaraldehyde or formaldehyde did not prevéiet inanganese exit from the cells. This
shed light into the observed results; in the cddir® bacteria, glutaraldehyde fixation step
was able to retain manganese, but in the caseaaf dells, upon storage at higher water
activity conditions, the manganese leached outndutihe TEM sample preparation step,
through the ruptured cell membrane as a resulteshbmane lipid oxidation during bacteri-

al death.
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Manganese has been known to possess pro and datibxiroperties, and understanding of
the changes in the manganese oxidation state wessdeoed to provide some further in-
sight into the bacterial death mechanism>Mras been previously reported to cause oxida-
tive damage to the neuron cells (Gunter et al 20D@}ermination of oxidation state of
manganese may provide rational for the loss iniNMglof bacteria stored at higher RH.
ESR was only limited to looking at the Kfroxidation state at liquid nitrogen temperature
and Mrt* detection required very low temperature of 10 Kathwas not available in the
ESR facility. Therefore, to understand the oxidatstate of the manganese bodies, Elec-
tron Energy loss microscopy (EELS) attached withTEM was used. The EELS spectrum
acquired in a range from 400 to 900 eV, revealdg GK- edge (532 eV), while Mn L2
and L3 edges at 640 eV and 651 eV could not beredden this spectrum. The reason of
not detecting the electron dense manganese pariickeacteria is not clear. One possibility
Is that biological samples are electron irradiasensitive and could not tolerate long-time
exposure of electron radiation when applying EDSEBLS even though they were ob-
served under 120KV. The other aspect might bettteahanosize of the particles was be-

yond the spatial resolution of CM120 EELS and JED100 EDS techniques.

In view of the relatively high concentration of ngamese in lactobacilli, and manganese
having pro and antioxidant properties (HaMai anchd@g 2004; Jaramillo et al. 2012), it
was of interest to better understand the oxidattate, coordination number and ligands of
the manganese in the bacteria in different encapegl and relative humidity environ-
ments. It appeared possible to characterize thegesaof manganese within bacteria using

XANES (Gunter et al. 2006; Haumann et al. 2005; Bmtsev et al. 2009) alongside model
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compounds, Mn (Il) phosphate, Mn (Il) carbonate, W) hydrogen phosphate and Mn

(111) acetate.

Synchrotron X-ray absorption spectroscopy (XASyespnts a viable tool to study the ox-
idation state of elemenis situ Therefore, the goal of the present study wasnmpley
Synchrotron XAS to determine the changes that oicctite manganese bodies during stor-
age of bacteria at higher water activity (0.32 &here there was an increased loss in bacte-

rial viability compared to lower water activity (L g,) stored samples.

In this study, XANES data obtained from theparacasei431 clearly demonstrated that
intracellular manganese in probioti@ctobacillussp. was predominantly uptaken as Mn
(1) in-situ, while both EXAFS and XANES data strongly favoutkd presence of manga-
nese phosphate in the samples as observed by psengsearchers (Archibald and Duong,
1984; Barnese et al. 2012). XAS result was founthaaconsistant with the ESR results,
which indicated the presence of manganese in ttme & manganese phosphate. The pos-
sibility that intracellular manganese may infactdmmplexed differently within different
Lactobacillusspecies, during live and dead conditions, duritogage or during different
growth phase, cannot be discarded. However, thdtsesuggest that the bacteria are more
likely to remain in the same state and form, dutimg and dead condition. There was no
indication of any difference in the manganese diodastate which can be linked with pos-
sible bacterial death, during ethanol treatmerdamication (simulated bacterial death con-
dition). In case Mn (lll) is formed and rapidly tezed to Mn(ll) before measurable accu-
mulation occurs, the nature of the damage wouldbadsty be difficult to distinguish from
other cell damage mechanisms. However, there aistseghe possibility that as Mn(ll) is

present in a higher amount, which might disguisepgtesence of small traces of Mn(lll). A
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technique such g& XANES using X-ray microspectroscopy may be usefudetermining

speciation (presence of Ny in-situ.

The differences in the Mn ESR signal of embeddeparacasebetween the freeze dried,
spray dried and fluidized bed dried powders stated.11 g and 0.52 @ led us to explore
further the changes causing the difference betvileized bed dried powder compared
with others. It was shown conclusively that the garese present in the paracaseiis
predominantly present as Mn(ll) phosphate. Theegfdr may be presumed that the ob-
served ESR signal difference between the fluidized dried and spray and freeze dried
bacteria stored at 52.5 RH was mainly due to tlesegce of water around the bacteria in
the matrix, causing the hyperfine splitting. Thesea possibility that the signal from the
water may have been concealed in the fluidized gmgider which had a rigid structure,

estimated by FT-IR, Raman and NMR spectroscopia. dat

The recent focus in the field of probiotics hasrbé incorporate probiotics in ambient
long shelf life products. Manganese has been fdaamatovide protection thactobacillus

sp. by scavenging free radicals. It has been puslycestablished that the stress resistance
of bacterial culture is dependent on the growthsphéor instance the bacteria that enters
stationary growth phase develops a general stessstance. The increased stress response
of the stationary phase cells, compared with thetdoi in log phase was suggested to be
probably due to the carbon starvation and exhausifoavailable food resources, which
trigger responses that allow cell survival (VanGiechte et al. 2002). For example, probi-
otic Lactobacillus rhamnosuspray dried powders retained high viability (0%&% sur-
vival; 2.9x10 CFU/g) when produced from stationary phase cellsle powders made

from early log phase cultures exhibited only 14%isal (Corcoran et al. 2004) .
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7.2 Conclusions and recommendation for future research

The WMP matrix combined with fluid bed drying prdes the best protection Lo para-
caseiduring storage under ambient conditions. Thisysaldo demonstrated that storage at
high water activity condition (0.52,aresulted in decrease in bacterial viability. (ossi-
ble reason for the observed decrease in bacteahility is the increase in molecular mo-
bility observed in the powders stored at 0.52 \ahich could lead to increased levels of
oxidative reactions within the powder decreasingdy@al viability As is the case with any
research study, the presented results must be tatenonsideration within the context of
limitations. The initial research question was fan a fundamental understanding about
the storage stability of ambient stored probiotictierial powders”. The process of posing
and answering particular research question, tylpidtehd to more questions that were ex-

plored through further research.

The readers must understand the experiments cawieid the present thesis are of explor-
atory nature. Several analytical techniques wergeth which have previously found lim-
ited application in food research, the reason ltEh&ing the complex nature of the embed-
ding matrix. The present thesis study is pictoyia#ipresented in Figure 7.1 and Figure 7.2.
The key research findings obtained by employingpecopic techniques such as Fourier
transform infrared spectroscopy, Raman spectrosddplium pycnometry and Scanning
electron microscopy on freeze dried, spray dried, fuidized bed dried powders, were to
find a relationship between matrix structure andrixaconstituent influencing bacterial
viability loss during storage at controlled watetiaty conditions of 0.11g 0.33 &, and

0.52 q,.
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Higher porosity of powders retained higher watemtent during storage at higher relative
humidity condition, resulting in increased viabhjlitoss during storage. Porosity of the
structure has been found to be an important faesponsible for absorption of water dur-
ing storage of the powders at controlled watewagtconditions. Therefore, there is a need
for further study to optimize the porosity levefsstructure using different matrix constitu-

ents. Secondly, matrix constituents have been faoor involved in conferring protection

to the bacteria, it is worthwhile to compare andtcast the porosity levels by changing the

matrix composition and thereby improving the baatesability during storage.

Manganese accumulation in the bacteria was fouritht@ an influence on the bacterial
viability during storage. X-ray fluorescent micropy to study the changes in bacterial
metal ion concentration gradient during variougesaof growth can further provide valua-
ble information in relation to the robustness foltures harvested during various phases of

bacterial growth.

The above three key research areas could be fuettpanded using modeling to under-
stand and optimize the process for ambient shablstprobiotic powders, as represented in

Figure 7.3.

It may be worthwhile to explore the genetic/protemaspect of the bacteria during storage.
Genetic microarray analysis provides complete genpbfiling of the bacteria, and may
provide the details of genes/ proteins expressedngl storage. The combination of the
physical characterization together with geneticarathnding would help in the long term
stabilization of probiotic bacteria. A proposed ggn proteomic and XFM analysis ap-

proach suggested in Figure 7.4 might provide furttseful information.
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Fluidized bed drying provided better protection to the bacteria during storage, owing to lower porosity and larger agglomerate size, thereby, reducing the absorption of water.
Result  The lower absorption of water resulted in the maintenance of a more rigid structure, which may had limited molecular transport, particularly of oxygen.

Figure 7-1 Pictorial summary of Chapter 3-4 andkine findings.
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Figure 7-2 Pictorial summary of Chapter 5-6 andkine findings.
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Model approach combining proteomic, genomic analysis data together with the X-ray fluoroscent microscopy, to strengthen probiotic Lactobaciflus species

Manganese accumulation
and phosphorous uptake is
a correlated process

Study the elemental accumulation within
the bacteria during stages of growth relate
this with genetic and proteomic information.
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4h early log phase growth

DNA sequencing of probiotic lactobacillus
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and epigenetics (ENCODE)
02 g
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Microscopy
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Maximizing,
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Understand the strategy of gene G
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The above information would be used to strengthen the bacteria for application into ambient shelf stable food products.

Figure 7-4 The proposed approach to improving tabilty of probiotic Lactobacillusby gaining cell physiology information from gereti

proteomic and XFM analysis.
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APPENDIX A:

Table A-1 (a) Typical composition of MRS broth
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Typical Formula gm/litre
Pepton 10.C
“Lab-Lemco’ powde 8.C
Yeast extrac 4.C
Glucost 20.C
Sorbitan mon-oleat¢ 1ml
Dipotassium hydrogen phosph 2.C
Sodium acetate 3,0 5.C
Triammonium citrat 2.C
Magnesium sulphate ,O 0.2
Manganese sulphate ,0O 0.0t
pH 6.2 £ 0.2@ 25°C

Table A-1 (b) Composition of reconstituted MRS mediwithout added manganese

Typical Formula* gm/litre
Pepton 10.C
"Lab-Lemco’ powde 8.C
Yeast extrat 4.C
Glucost 20.C
Sorbitan mon-oleat¢ 1ml
Dipotassium hydrogen phosph 2.C
Sodiun acetate 3LO 5.C
Triammonium citrat 2.C
Magnesium sulphate O 0.2
Manganese sulphate ,0 0
pH 6.2 £0.2 @ 25°
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A-2 Analysis of X-ray diffraction patterns for trspray dried, freeze dried and fluid-
ized bed matrix stored at water activity of 0.3 8nd 0.5 gqusing 2D XRD.

Every crystal has a unique structure and a charsiitediffraction pattern when
the X-rays are passed through it. X-ray diffractwas carried out on a Rigaku Micro-
max 007 X-ray generator, Rigaku RA axis IV ++ imgd@te detector and the data were

examined using crystal clear software.
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Fig A-2 (a) Fluidized bed dried powder (a) 0,1(k) 0.3 g and (c) 0.5 a
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Fig A-2 (b) Spray dried powder (a) 0.} @) 0.3 g and (c) 0.5 a
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Table A2 XRD diffractions peaks of freeze driedragpdried and fluidized bed dried
powders stored at 0.5 a

Fluidized bed powder 0.5,a| Freeze dried powder 0.5 a Spray dried powder 0.5a
d ) d s, d X

2.47 36.3 2.15 42.1 2.02 45
2.71 33.3 2.2 41 2.14 42.2

2.83 31.6 2.39 37.7 2.2 41
3.15 28.3 2.5 36 2.28 39.5
3.47 25.7 3.23 27.6 2.36 38.1
3.73 23.9 3.38 26.4 2.48 36.2
4.23 21 3.38 26.4 3.2 27.9
4.43 20 3.6 24.7 3.35 26.6
4.66 19 3.84 23.2 3.59 24.8
5.13 17.3 4.03 22 4.01 22.2
5.44 16.3 4.29 20.7 4.41 20.1
7.13 124 4.44 20 4.65 19.1
8.21 10.7 4.69 18.9 4.84 18.2
9.19 9.6 4.93 18 5.11 17.4
5.18 17.1 6.2 14.3

6.32 14 6.56 13.5

7.35 12 7.14 12.4

7.74 114
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Figure A3 PLS-DA between aw 0.11 and aw 0.53 shgoetd separation. The regions

which contribute to the separation are fat region.
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Table A3"*C-NMR Charecterization of the molecular componaitthe lipid fraction
of milk fat (Scano et al. 2011).

Peak Compound Carbgn Functional group d (ppm)
1 FFA C1 OOC-CH- 178.04
—CH-OOC-CH-
2 Saturated FA isn1,3 of DAG| C1 173.35
—CH-OOC-CH-
Unsaturated FA isn1,3 of
3 DAG Ci 173.32
4 | FAInsnln3)0f12(23) | 1 | _cro00c-CH- 173.18
DAG
5 FA insn2 of 1,2 (2,3) DAG Cl | -CH-OOC-CH- 173.08
6 Saturated FA isn1,3 of TAG Cl | -CH-OOC-CH- 172.79
7 Unsaturated FA isn1,3 of c1 —CH—OOC—CH— 1727
TAG
8 Butyric FA in sn-1,3 of TAG Cl | -CH-OOC-CH- 172.6
9 Saturated FA isn2 of TAG C1 —-CH-O0OC-CH- 172.41
10 | Unsaturated FA ian-2 of TAG C1 —-CH-O0OC-CH- 172.38
11 Caproleic FA C9 —CH=CH>— 138.7
12 CLA Ci12 —-CH=CH 134.45
13 All n-3 FA ®3 —CH=CH 131.66
14 VA FA Ci12 —CH=CH 130.09-130.08
15 VA FA Cl1 —-CH=CH 130.00-129.98
16 Linoleic+linolenic FA C1§+C —-CH=CH 129.89
17 MUFA C10 —CH=CH 129.70-129.69
18 Lenoleic FA C9 —-CH=CH 129.51-129.49
19 MUFA C9 —-CH=CH 129.39-129.37
20 CLA C10 —-CH=CH 128.42
21 Linoleic FA %]i:; —-CH=CH 127.97-127.92
22 Linoleic FA C10 —CH=CH 127.77-127.76
23 Linoleic FA C12 —CH=CH 127.59-127.58
24 Linoleic FA C10 —-CH=CH 127.46-127.44
25 All n-3 FA w4 —-CH=CH 126.77
26 CLA Cl1 —CH=CH 125.26
27 Caproleic FA C10 —CH=CH>— 114.05
28 Glycerol in 1,2/2,3 DAG —-CH-O0C- 71.85
29 Glycerol in TAG -CH-0O0C- 68.72
30 Glycerol in 1,3 DAG HO-CH-CH2)2 67.81
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31 Glycerol in 1,3 DAG —CH>-0O0C- 64.75
32 Glycerol in 1,2/2,3 DAG HO-CH-CH- 62.02
33 Glycerol in TAG —CH-0O0C- 61.83
34 Glycerol in 1,2 DAG —CH-0O0C- 60.83
35 Butyric FA Cc2 —O0C-CHCHo— 35.62
36 All FA except butyric in sn-2 co —OOC-CH-CHo— 33.92
of TAG
37 All FA except butyric in sn-1,3 c2 —OOC—CH-CH— 33.76
of TAG
38 CLA C13 —CH-CH=ChHb- 32.68
39 VA FA “19¢1 —crecH=ch- 32.40-32.35
40 trans MUFA —CH—CH=CH- 32.07-32.06
41 Saturated C > 10 FA ®3 —CH-CH-CHsz— 31.74
42 Monounsaturated n-9 FA ®3 —CH-CH-CHs3- 31.72
43 Capric FA C10:0 ®3 —CH—-CH—CHsz— 31.67
44 Palmitoleic FA ®3 —CH-CH—-CHs— 31.59
45 VA FA ®3 —CH—CH-CHz— 31.57
46 CLA ®3 —CH-CH—-CHs— 31.56
47 Caprylic FA C8:0 ®3 —CH-CH-CHs— 31.47
48 Linoleic FA ®3 —CH-CH-CHs— 31.32
49 n-6trans ®3 —CH-CH—-CHs— 31.2
50 Caproic FA C6:0 ®3 —CH—-CH—CHsz— 31.03
51 All FA —(CH)n— 29.56-28.73
52 Unsaturated FA —CH-CH=CH- 26.91-26.88
53 PUFA CRchCr 2534
54 All FA except butyric —-O0OC-CH-CHx— 24.58
55 All FA exce;)r;[dczr:]lf)?r)0|c,capryllc 2 _CH-CH3- 22 48
56 Caprylic FA C8:0 ®2 —CH-CH3- 22.4
57 Caprylic FA C6:0 ®2 —CH—-CH3- 22.08
58 n-3 ®2 —CH-CH3- 20.13
59 Butyric FA C3 —CH-CH3- 18.1
60 All EA ol _CH3 13.85-13.79-13.62-

13.33
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Figure A4 (a) The storage stability of fluidizeddbdried Lactobacillus paracasepowders
embedded in whole milk powder having 0.» &he viability is expressed as the logarithmic
values of survival against storage time of 4 weak$ °C (black circle), 25 °C (white triangle),

and 37 °C (black square). Error bars representatdrdeviation of meansxR)
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T T T T T
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Figure A4 (b) The storage stability of fluidizeddbdried Lactobacillus paracasepowders

embedded in skim milk powder having 0. &he viability is expressed as the logarithmic
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values of survival against storage time of 4 wesgk4 °C (black circle), 25 °C (white triangle),

and 37 °C (black square). Error bars representatdrdeviation of means%R)

Bacterial viability (log CFU/g)

25 30

Storage time (days)

Figure A4 (b) The storage stability of fluidizeddbdried Lactobacillus paracasepowders
embedded in milk protein isolate having 0,5 @he viability is expressed as the logarithmic
values of survival against storage time of 4 weak$ °C (black circle), 25 °C (white triangle),

and 37 °C (black square). Error bars representatdrdeviation of means%R)



APPENDIX B:

Table B1 Dilution with Boron nitride required famhsmission

Compound

61 ppm Mn in matrix

105 ppm Mn in matrix

MnCO0z.H20

Mn(CHsCOOY.4H20

MnCl2.4H20

MnSOs.H20

Mn(HPO%)(H20)3

Mn3(POs)2.3H20

MnPQsH20

Mn(acac}

Mn(ll) acetate dihy-

drate

MnO2

Mn C O4
H2

Mn C4 O8
H14

Mn CI2
04 H8
Mn S O5
H2

Mn P2 O7
H7

Mn3 P2
011 H6
Mn P O5
H2

Mn C15
06 H21
Mn C6 O8
H13

Moles
BN per
mole
com-
pound

20000

25000

25000

25000

25000

70000

20000

20000

20000

20000

Mwt
com-
pound

114.9
245.1
197.9
169.0
204.9
408.8
167.9
355.3
268.1

86.9

% com-
pound

weight
(in BN)

0.023
0.039
0.032
0.027
0.033
0.024
0.034
0.072
0.054

0.018

muT

0.92

0.92

0.92

0.92

0.92

0.92

0.92

0.92

0.92

0.92

Step

0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

269

Sample
thick-
ness
for
pack-
ing
density
of 1

mm



270

—— L. plantarum
—— LP4°C

LP 25°C

LP 40°C

Normalized yu (E)

T T T

6500 6520 6540 6560 6580 6600
E (eV)

Figure B-1 XANES spectrum of Lactobacillus plantarstored at 4°C, 25°C and 37°C

—— L. plantarum

—— LP4°C
LP25°C
LP40°C

k 7(K)(A™)

Figure B-2 EXAFS spectrum afactobacillus plantarunstored at 4°C, 25°C and 37°C
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Fig B-4. XANES best fit of the XANES absorption spem ofLactobacillus paracasdbp that of the model compound manganese phos-

phate and manganese acetate.
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APPENDIX C: XAF calibration graphs for quantificati of

elements using known elemental standards
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