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Abstract

This study investigated the survival of probidt&ctobacillus plantarun299v microencapsulated
in native maize starch or partially hydrolyzed neastarches after acid, bile and heat treatments.
Scanning electron microscopy and confocal scankasgr microscopy confirmed that naturally
present cavities and channels in native maize tstarere enlarged by enzymatic hydrolysis
allowing them to be filled with probiotics. The foulations using the modified starches had
significantly higher initial viable cells comparéal native starch after freeze-drying. Compared to
free cells, the microencapsulated probiotic baatstiowed a significant improvement in acid
tolerance. When comparing unmodified and modifiedches, the enzymatic treatments did not
significantly improve relative survival, but did sidt in significantly higher total probiotic
numbers after exposure to acid (pH=2.0, 1 h), &k (3% wl/v, 4 h) and heat (60 °C, 15min).
These results demonstrate that porous maize stpectules allow for a high probiotic loading

efficiency and provide enhanced protection to wasistressful conditions compared to free cells.
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1. Introduction

In recent years, probiotics are becoming more coniynocorporated into functional foods.
Health-promoting microorganisms play an importaié in promotion of the gastrointestinal tract
(GIT) health (Kailasapathy & Chin, 200Q)actobacillus plantarun299vis added in many food
products, mainly fermented milks, because of itsogaized health properties, such as
improvement of irritable bowel syndrome (NiedzieliKordecki, & Birkenfeld, 2001) and
vascular endothelial function (Malik et al., 201%jowever, the applications are limited by
viability of probiotic cells, which is affected bgrocessing and storage conditions and the
environment in the GIT (Cook, Tzortzis, Charalammaps, & Khutoryanskiy, 2012). In order to
confer a functional effect within the body, a pmatis food should contain an adequate number of
viable bacteria (> 7T0CFU g* of food) to exert a probiotic effect (Corona-Hardez et al., 2013).
Various carrier material and preparation technicaresused and investigated for encapsulation of
probiotics. Food-grade polymers such as algindiiépgan, pectin, carrageenan, whey, gelatin and
lipids are extensively studied to immobilize baiege(Anal & Singh, 2007). Extrusion and
emulsion techniques are commonly applied to prodcaleium alginate beads in which a
particularly strong molecular network can be formedentrap cells. Although alginate hydrogel
beads were found to have positive effects in ptmte®f probiotics in a gastric environment and
during storage, other polymers should be incorgorato improve stability of alginate
microcapsules, as the beads formed by alginatediane relatively low mechanical stability and
entrapment of probiotics is not stable in the pmeseof chelating agents (Krasaekoopt, Bhandari,

& Deeth, 2003; Willaert & Baron, 1996).



60

61

62

63

64

65

66

67

68

69

70

71

12

73

74

75

76

77

78

79

80

Starch that is slowly digestible or resistant tagaatic amylases has a prebiotic effect whick is o
great interest as it is known to promote the growthntestinal microflora and subsequently
induces health benefits within the body (Topping€Hiton, 2001). Improvements in glycaemic
control and bowel health are associated with tlguleg intake of fermentable dietary fibre
(Nugent, 2005). Furthermore, selection of starcthwsmaller granule size, white in colour and
bland flavour could impart attractive sensory cheemastics for food applications.

Encapsulation is one of the best approaches tanohtaynbiotic effect of probiotic bacteria and
enzyme resistant starch (Fuentes-Zaragoza ei0dll) 2Wang, Brown, Evans, and Conway (1999)
found that high-amylose maize starch enhanceddieeance oBifidobacteriumto low pH and
bile acids. The incorporation of starch within aklgie gel beads has been widely employed to
provide synergistic protection for probiotic ba@eiChan et al., 2011; Homayouni, Azizi, Ehsani,
Yarmand, & Razavi, 2008; Kailasapathy, 2006; Muthmlarasamy, Allan-Woijtas, & Holley, 2006;
Sabikhi, Babu, Thompkinson, & Kapila, 2010; Sultatal., 2000; Xing et al., 2014). However,
knowledge on the use of porous granular starcim @neapsulating material is still in its infancy.

In order to obtain further functional propertiesdamprove the performance as wall materials,
starch granules can be modified into porous capsut@ch have industrial applications such as
drug delivery, flavor entrapment etc. The preseoicstructure features like pores, channels and
cavities in maize starch (Dhital, Shrestha, & Gydl2010) provides an expandable space which
can be filled with bacteria after amylase digestibhe structures increase effective surface area,
and facilitate a relatively higher enzymatic hygsi$ susceptibility compared to potato starch

(Dhital et al., 2010). Maize starch is thus morelaable to be modified into porous capsules by
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enzymatic digestion than potato starch. The tacget material could be physically adsorbed in
the pores and cavities without any covalent bondengd the adsorbed molecules could be
completely released in a sustained pattern (Wangn,Y& Yue, 2015). It is also worthy of note
that partially hydrolyzed maize starch has beemwshtm remain slowly digestible like untreated
native starch (Zhang, Ao, & Hamaker, 2006), whiclggests that it can be used for targeted
delivery to the large intestine. The process ofyare digestion of maize starch resulted in a 3~4
times increase of the magnitude of specific surtaea (Gao, Li, Bi, Mao, & Adhikari, 2013). The
porous maize starch thus could provide an ide&rmat surface for adherence of the probiotic
bacteria during processing. However, further stichee required to understand the effect of
microstructure of porous starch on properties otrauapsules containing probiotics. More
accurate delivery in the digestive tract may beseghbently achieved by manipulating preparation
of starch materials.

In this study, modified maize starches from difféarenzymatic treatments were employed as wall
materials to encapsulate plantarum299v. The morphologies of modified wall materiatsda
probiotic starch capsules were characterized. Eurtbre, stability of the probiotic strain in
microcapsules was investigated by exposure to sirsfainulated GIT conditions and under mild
heat treatment.

2. Materialsand methods

2.1 Preparation of probiotic culture

A probiotic strainL. plantarum299v was obtained from a commercial probiotic cépgiBS

Support, Ethical Nutrients, Brisbane Australia) arwhfirmed as the correct species using 16s



102 rDNA sequencing (Sreekumar, Al-Attabi, Deeth, & fier, 2009). The strain was grown in de
103 Man, Rogosa and Sharpe (MRS; Oxoid Ltd, UK) brdtl3&a°C for 24 h and then harvested by
104 centrifugation at 4400X g for 10 min. The cell pellet was washed twice aesuspended with
105 sterile 0.2 M sodium phosphate buffer (pH=6.3) btain concentrated (approximately'1@FU

106  mL™) probiotic organisms.

107 2.2 Preparation of porousstarch

108 Pancreatia-amylase (PA [A6255 Sigma]), pancreatin (P [P-18§ma]), fungaki-amylase (FA
109 [10065 Sigma]) were purchased from Sigma-AldricBAJ The three enzymes and two treatment
110 times (30 min and 120 min) were applied to moddyive maize starch (22.2% amylose, Penford
111 Australia Ltd., Australia). The starch slurry (5%wWvwas prepared with PBS (Sigma-Aldrich,
112 USA) buffer and enzymes (0.5 unit per mg of stanehs mixed with the starch suspension. A
113 control was prepared without addition of enzymese Bamples, in 50 mL Falcon tubes, were
114  continuously stirred with a magnetic stirrer baP80 X g during the incubation time in a water
115 bath maintained at 37 °C. After 30 and 120 minppsrstarches were harvested by centrifugation
116 of the tubes at 4000< g for 5 min. The residue was washed three times aitless of ethanol to
117 remove soluble sugars and the residual enzymesllysistarch sediments were transferred to petri
118 plates and vacuum-oven dried overnight at 40 °Qo batches were prepared for each treatment.
119 These wall materials after preparation are refetoeds P30, P120, PA30, PA120, FA30, FA120
120 and Native, respectively. The degree of hydrolgsistarch as measured by released maltose was
121  18-22% for 30 min and 36-41% for 120 minute hydsay The degree of hydrolysis was however

122 not significantly different among enzymes at eagtetpoint.
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2.3 Encapsulation of L. plantarum cells

L. plantarumcells were encapsulated in the prepared maizeh&tsraccording to the method
described by Lahtinen, Ouwehand, Salminen, Forssell Myllarinen (2007) with slight
modifications. The bacterial culture (6 mL) wasnsterred into sterile tubes containing 2.0 g
starch and stirred at 60& g for 3 h using an orbital shaker (Labtek, Austialighen the mixture
was allowed to settle for 2 h. The supernatant eeasfully pipetted off. The sediment was placed
in a petri plate and pre-cooled in a freezer (@Pfdr 4 h before being freeze-dried overnight. For
the coating material, gelatinized starch was pegbdny heating native starch (2% w/v) in water
for 15 min on a hotplate until it formed a gel. é&ftcooling to room temperature, the gel solution
was gently mixed with the freeze-dried powder (3 giflstarch). Gelatinised starch coated porous
starch granules was recrystallized at -20 °C ogétniollowed by freeze-drying for 24 h. After
that, the microcapsules were collected and maiaethin sterile 10 mL tubes at 4 °C prior to
testing. The encapsulation process was conductellipticate, separately using two batches of
prepared starches.

2.4 Determination of viable bacteria

The number of viablé. plantarumwas counted by the spread-plate technique on MR& &be
microcapsules (0.10 g) were first added into 0.9 pdptone water (0.1% w/v) containing
pancreatin (0.5 unit / mg starch). The pancreatss added to hydrolyze the starch releasing the
encapsulated bacteria. The plates were rotated amrlatal shaker (Labtek, Australia) at 600

g for 15 min. Serial dilutions were made with pegamater (0.1% w/v) and 0.1 ml samples from

each of three consecutive dilutions were spread MRS agar. The agar plates were incubated at
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37 °C for 36 h under anaerobic conditions generaiednaeroGen 3.5 L (Oxoid Ltd). Colony
forming units (CFU) were enumerated and recordedfates on which 15-300 colonies can be
viewed. The loss in bacteria viability was calcethts follows:

Reduction of viable bacteria = logyN log N, where, hland N are viable count (CFU'@r CFU
mL™) before and after treatments (acid, bile and heaspectively.

2.5 Resistanceto acid and bile salt

Acid and bile salt stress survival experiments aéroencapsulated and free probiotic bacteria
were carried out in accordance with the method @igDand Shah (2007). Free bacterial
suspension (9.46 log CFU rifl.was used as a control. For acid stress, MRS hvathmodified

to pH 2.0 using 5.0 M HCI before sterilization hyt@claving at 121 °C for 15 min. The acidified
broth (0.90 mL) was added into a test tube (2 ndsjtaining 0.10 g microcapsules or 0.10 mL
free cell suspension. After incubation at 37 °CXdr and 2 h, 1 M NaOH was added to neutralize
the acid. For bile salt stress, MRS broth contgrn% (w/v) Oxgall bile salt (Chem-Supply,
Australia) was adjusted to pH 5.8 using 5.0 M HGlie bile salt solution (0.90 mL) was added
into a test tube (2 mL) containing 0.10 g microcdgs or 0.10 mL free cell suspension and
incubated at 37 °C for 2 h and 4 h separately.determination of viable bacteria, microcapsules
were centrifuged from broths (10008 g, 5 min) and bacteria were released from starckes a
described in Section 2.4. For free bacteria, sub=®gserial dilutions were vortexed for 30 s
individually to disperse bacteria clusters whichreavéormed during incubation. Enumeration of
viable cells was carried out by the method desdrie Section 2.4. For each batch of

microcapsules, duplicate tests were performed agggr
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2.6 Resistance to heat

Evaluation of the stability of microencapsulated éreel. plantarumunder mild heat treatment
was carried out according to Mandal, Puniya, anmjlsi(2006). Before exposure to a dry block
heater (60 °C), 0.10 g microcapsules or 0.10 mé é&ls suspension was inoculated into 0.90 mL
sodium phosphate buffer (pH=6.3) in a plastic telsé (2 mL). After 15 min incubation, the tubes
were cooled to room temperature (23+2 °C) and oked humber of viable cells was detected as
described in Section 2.4.

2.7 Confocal laser scanning microscopy (CL SM)

CLSM (LSM 700, Carl Zeiss, Germany) was used taialige the distribution of probiotic
bacteria using a LIVE/DEAD BacLight kit L7012 (Malelar Probe%", Oregon, USA). Bacterial
materials were stained following the manufacturerstocol. Dry powder (~ 1Qg) was gently
mixed with 10ul of staining mixture (SYTO 9 and propidium iodidleorescent dyes) on a
microscope slide and covered with a square coyerBliter staining for 30 min in darkness, the
samples were observed with 488 nm excitation wanggleand X 63 magnification objective
(oil immersion).

2.8 Morphology of porous starches

Scanning electron microscopy was used to monitermiorphological structure of starch after
enzymatic treatment. The dried samples were ttgphgad onto circular metal tubes covered with
double sided carbon tape and coated with approrign& nm of platinum in an argon gas
environment. The images were acquired using a @hiL30 scanning electron microscope

(Philips, Eindhoven, Netherlands) under an accetgyaoltage of 5 kV.
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2.9 Statistical analysis

For the each independent batch (n=2), duplicatgoksnwere analysed. Average of duplicate tests
for each batch was calculated prior to the analgsisignificant differences (p < 0.05) using
Tukey’s simultaneous test in Minitab 17. All expeental data are expressed as mean £S.D.

3. Results

3.1 Microstructure of the microcapsules

The microstructure of native and partially hydragizmaize starch was observed in scanning
electron micrographs (Fig. 1). The images confirrtied the enzymatic action resulted in porous
structures in the round and polygonal granules. Jindace of native starch without amylase
treatment (Fig. 1 B) remained relatively smooth amdwed no visible holes, indicating the
preparation for the control did not affect its moofogy. Some tiny hollows and cracks on native
granules are visible at higher magnification (Dihétizal., 2010). An increased size and numbers of
pores were observed after enzymatic digestion (Eigc-H). Consistent with the degree of
hydrolysis, surface pores and the pore sizes aweally similar among starches treated with
amylase from various sources. Larger pores wermddr by interconnection of holes which
increased in number during enzyme treatment duratio

Confocal microscopy and nucleic acid staining temphe were employed to observe the
distribution of probiotic bacteria in starch ma#dsi The porous starch granules clearly showed
the ‘inside out’ hydrolysis pattern with the enlangent of cavities (Dhital et al., 2010) which
entrapped the green-fluorescent bacteria in exmphrmerities (Fig. 2 B and C), whereas

unmodified starch only absorbed the bacteria onstivéace (Crittenden et al., 2001) (Fig. 2 A).

10
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The green fluorescent bacteria that had dimensbdso 2 um in length were stained by SYTO9
(green) but not by PI (red), which indicated the bacterial membrane was not permeablized for
the larger molecule of Pl to pass through, sugggsthat the bacteria were viable. Relatively
higher cell loading can be observed in the modif&ich despite the same bacterial suspension
being used for the encapsulation process. As shawfig. 2 A, a small amount of bacteria
adhered to the granule surface, which suggested._th@antarum299v is not a highly adhering
strain for maize starch. Regarding the microstmectoside the starch granule under transmitted
light, the 120-min hydrolyzed starch granule showaecklatively larger cavity than the 30-min
treated granules. The observation is consistertt tié SEM image (Fig. 1) where the starch

granule cavities showed increased depth after tioyefor a longer duration.

3.2 Viable cell numbers after microencapsulation process

The encapsulated cell numbers after the microendatpsn process were significantly improved
by enzymatic modification (Table 1). Initial celumbers were around 9 log CFU in all the
modified starches compared to 7.77 log CFU@y native starch. The result is consistent whité t
observation by CLSM that modified starch had a éigeell loading. However, there was no

significant difference (p > 0.05) among the diff@rporous starches.

3.3 Acid and bile salt tolerance of free and encapsulated L. plantarum
Microencapsulated bacteria showed greater acidteegie, with significantly less reduction of
viability (p < 0.05) over the entire treatment per(Fig. 3 A). Free bacteria showed a rapid loss of

viable cells, having 2.43 and 4.66 log CFU fieduction (from an initial viable count of 9.46jlo
1
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CFU mL?) at the end of 1-h and 2-h exposure to acid, kim@dy. By contrast, the loss of viable
bacteria after microencapsulation occurred at ativelly slow rate, with less than 2 log CFU g
reduction by the end of incubation in the high aelvironment. The viable counts a&f
plantarumencapsulated by modified starches remained moretlaCFU g* after 2-h exposure

to acid (Table 1), which were significantly highan free cells.

As for the microparticle prepared with native mastarch, the bacterial counts decreased from
7.77 to 6.69 and 6.15 log CFU' @it the end of 1 h and 2 h at pH 2.0, respectij&iple 1).
Compared to modified starches, native maize staethined a significantly lower number of
viable cells after 1-h exposure to acid. Howeveg feductions of bacteria in unmodified and
modified starches were similar, which indicatedtttiae enzymatic modification on starch
granules has little effect towards the acid ressteofL. plantarum.

The effect of the bile salt solution on the surbiNity of free and encapsulateéd plantarumwas
also investigated (Fig. 3 B). There was no sigaificdifference among the reduction of viable
counts of encapsulated or freeplantarumin bile salt solution. Enzymatic modification dat
improve the protection effect of maize granulesduse wall materials during exposure to bile salt
(p > 0.05). The reductions of free cells and baatencapsulated with native starch were 1.81 log
CFU mL* and 1.73 log CFU §after 4-h exposure to bile salt, respectively,levithe figures of
modified starches were less than 1.10 log CRUEncapsulated cells prepared with native starch
granules decreased to 6.95 and 6.04 log CEdtghe end of 2 h and 4 h incubation with bil¢ssal
respectively (Table 1). Compared to modified mai@ch, native starch contained significantly

less viable bacteria after the 4-h period.

12
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3.4 Stability of free and encapsulated L. plantarum under heat treatment

The reduction in cell viability of free and micraapsulated.. plantarumafter the 60 °C heat
treatment for 15 min is shown in Fig. 4. Encapsolatwith maize starch granules (except
unmodified starch and FA 30) combined with gelatai starch coating significantly improved the
heat tolerance df. plantarum(p < 0.05). The enzymatic modification did not fésa less log
reduction after heat treatment compared with nattaech (p > 0.05), but the viable cell counts of
modified starches were significantly higher thamuanlified maize starch after incubation at°60

for 15 min (p < 0.05) (Table 1).. plantarumencapsulated in porous starches either from 30 min
digestion or 120 min digestion showed similar seability and therefore, the effect of digestion

time was not significant (p > 0.05).

4. Discussion

Starch is not usually used alone for encapsulatwen though it is frequently reported as a
supplementary component in microcapsule formulatiorlowever, the current model of

prebiotic—probiotic symbiosis was effective to stube effect of microstructure of porous starch
on properties of the microcapsules. The presenc@oobus maize starch was essential for
improving the recovery of encapsulatedplantarum299v formulations during the freeze-drying

process. In addition, the viability remained relaly higher than the formulations using native
starch after simulated digestion and heating treatsn(Table 1). This could provide a robust
delivery strategy for probiotics in food productglaultimately following ingestion.

4.1 Preparation of starch materials

13
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The choice of the type of starch is critical durithg preparation of wall materials. We chose
maize starch because it is slowly digestible argltha potential to deliver entrapped bacteria to
the large colon. Limited amylase treatment can tlyde the starch in an ‘inside out’ pattern
creating a void space allowing bacteria to diffuge, as shown in Fig. 1, which is consistent with
previous findings (Dhital et al., 2010; Dura, Blesak, & Rosell, 2014). In contrast, amylase
action in potato starch lacking such structuraltuess results in exo-corrosion followed by
endo-corrosion (Dhital et al., 2010). Whilst therqass starch can also be obtained by other
methods such as ultrasonic treatment (Luo et @D8Pand microwave radiation (Luo, He, Fu,
Luo, & Gao, 2006), these methods may not resulemfargement of cavities and channels
sufficient for probiotic bacteria encapsulation abserved for amylase digested granules.
Regarding the catalytic pattern of amylase, thatinedly small granule size, a rough surface and
the presence of surface pores and channels pragnatene diffusion and adsorption leading to
the rapid formation of widened pores, cavities ahdnnels (Dhital et al., 2010). Additionally,
adhesion of cells to starch granules was reportedrary among strains and starch types
(Crittenden et al., 2001) and bacteria attached surface showed more resistance to hostile
environments (Wang et al., 1999). Thus, a possiplgoach to increase bacterial survival is the
selection of starch types for probiotic bacteriacading to bacterial adherence, which is related to
bacterial surface proteins that particularly binditl,4-linked glucose saccharides (Crittenden et
al., 2001). Encapsulation of the probiotics in skerch system can be obtained without addition of
gelling agents or adjustment of pH, while the iopadysaccharides in presence of appropriate salt

or ionic condition could form gel/matrix that cant@p the bacteria. Thus, the porous maize

14
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starch could be more processing friendly. A diremmparison of these different encapsulation
matrices would be interesting to determine in feitwork.

Considering the different enzymatic treatments,df@nges in digestion time or amylase type did
not yield any difference in the performance of dtamaterials, though there was some difference
in microstructure between 120-min and 30-min hygtret starch (Fig. 1). We found that the three
types of amylase (P, PA, FA) were each effectiveréate porous structure. On the other hand, the
digestion time may affect release propertiek.qgflantarum

Considering the application point of view, the d@wvn of the porous starch as wall material in
the digestive tract forms spaces for cell reled3ws, the release pattern of the encapsulated
bacteria in the starch system is associated wittyrea sensitivity of the prepared starches.
Shrestha et al. (2012) investigated changes ofsugecular/molecular structure of maize starch
during in vitro digestion and concluded that the granular architecplays a major role in
controlling starch susceptibility to digestive enms. The characterization of structural features of
the modified starches is needed in future workigbdymore plentiful information to predict the
release pattern of the starch encapsulation.

4.2 Drying process

Probiotic products are widely processed into addfeem which is stable during preservation and
convenient in handling. Freeze drying is frequentgd in probiotic production procedures and
has a significant effect on the bacterial surviddie cellular membrane can be damaged by the
formation of intracellular ice crystals during tiieezing process (Conrad, Miller, Cielenski, & de

Pablo, 2000) and the removal of water during tHesequent sublimation process. Cryoprotectant

15
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agents have been employed to reduce the loss lofityi@lue to the freeze-drying process (Capela,
Hay, & Shah, 2006). Osmotic differences betweendracand their external environment can be
reduced when compatible cryoprotectant agentssed (Kets, Teunissen, & Bont, 1996). Sultana
et al. (2000) demonstrated that incorporation ofntdize starch into an alginate formulation
increased viability of encapsulatééctobacillus casein wet or freeze dried beads. Likewise,
Etchepare et al. (2016) found that the initial potib count of alginate microcapsules containing
Hi-maize (7.69 log CFU§ was higher than the alginate microcapsules a(6ré5 log CFU §)

after freeze-drying. Akalin and ki (2008) added prebiotics including inulin andgoliructose
into ice cream and found greater survival to fregzithus indicating that prebiotics can have a
positive effect on bacteria viability. In this worgorous starch resulted in higher recovery of
encapsulated bacteria after the drying processl€Ta)y suggesting that replacement of native
starch with porous starch may further reduce tis laf viable cells during drying. Minor cold
shocks prior to freeze-drying, to purposefully indubacterial stress responses, could also be
considered.

4.3 Viability test

The low survival rate of lactic acid bacteria und&T conditions is a problem to ensure that
sufficient quantities reach the large intestinehibit functionality. Stimulated gastrointestinal
conditions have been widely applied to evaluateeffectiveness of encapsulation methods. There
was a greater reduction of free plantarumunder low acid environments than that encapsulated
by starch matrix (Fig. 3 A). The bile salt reduosan plate counts tended to be less for bacteria

encapsulated in porous starches than for free atiderencapsulated cells, but these differences

16
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were not significant (Fig. 3 B).. plantarumwas more sensitive to acidity than bile salts,ohs

in agreement with previous reports (Ding & Shal)20.iong & Shah, 2005). Bacterial viability
is impaired during exposure to acids because eneoggumption is increased to maintain a
neutral intracellular pH level and metabolic reaws are inhibited (Cotter & Hill, 2003). Although
the effect of acid and bile salts are investigatkd,activity salivary amylase and pepsin in vivo,
may affect the survivability of the probiotic cellBhus, more detailed investigationvivo or in
vitro models is needed to elucidate the effect of caghic conditions of cells viability.
Lactobacillus acidophilug. A1 entrapped by alginate and starch demonstragtér survival at
low pH and high bile salt concentrations (Sabikhiaé, 2010).L. acidophilus CICC 6075
absorbed by porous starch and subsequently coatledilginate showed enhanced survival after
incubation at pH 1.5 for 3 h (Xing et al., 2014 kllCviability during lyophilization and storage
was significantly improved by filling starch into @a—alginate hydrogel (Chan et al., 2011).
Physically modified resistant starch in combinationith whey protein isolate in
microencapsulatet. rhamnosussG formulations also had a positive effect on &aat survival

in pH 3.5 citrate buffer (Ying et al., 2013).

However, there are conflicting studies which hameorted that starch granules have no effect on
stability of probiotic bacteria. The technologyencapsulate tw8ifidobacterium longunstrains
with partially digested potato starch as wall mateand amylose as coating material was found to
result in similar survival rate as free form bateduring storage (Lahtinen et al., 2007).
O'Riordan, Andrews, Buckle, and Conway (2001) regmbthat octenyl succinated waxy maize

starch did not affect viability oBifidobacteriumcells during exposure to ambient temperature
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(19-24 °C) and acid stress. Thus, differences efahcapsulation techniques, bacteria strains and
viability test procedures likely had impact on tleults of previous attempts to increase probiotic
survival. The acid and bile resistance are sugdestebe strain-specific (Ding & Shah, 2007;
Liong & Shah, 2005).

Temperature is a critical factor for the viabildy probiotic bacteria. Inactivation of cells at hig
temperature can be related to many factors inctuéhtty acid oxidation, DNA damage, protein
denaturation and the formation of free radicalss(f@a Teixeira, & Kirby, 1997). The production
of compounds including metabolic acids and baater®are possibly responsible for cell death at
high temperature (Fu & Chen, 2011). Compared te frells, loss of viable cells at the high
temperature can be reduced by the encapsulatidmooh€fig. 4). The result is consistent with the
observation of Xing et al. (2014).

4.4 Microenvironment of porous starch

We aimed to immobilize the probiotic bacteria iarsh matrices with the preservation of desired
biological activity. The confocal micrographs shawibat enlarged cavities of modified starch
trapped the rod shaped bacteria (Fig. 2). The nenfent of the cells to starch cavities or surfaces
was hypothesized to facilitate the separation d& deom lethal agents in hostile environments.
The changes in starch microstructure resultedentiprovement of initial viable bacteria (Table
1). The hollow structure may allow the microcapstdecontain more bacteria and therefore
presumably to have more cells separated from bakterture. Bacteria entrapped inside porous
structure possibly had less exposure to low tentperavhich subsequently triggers formation of

ice crystals. Another possible reason is that tbkeaular mobility of water is depressed by porous
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structures and thus cell dehydration could be desed because the adsorption capacity of maize
starch was shown to increase after enzymatic noadiéin (Gao et al., 2013; Wang et al., 2015).
The starch matrices also offered effective protectigainst acidic solution (Fig.3 A), possibly by
reducing exposure to"Hons in bulk solution. However, unmodified staaiid modified starches
offered similar protection to the probiotic bacéeuinder acid, bile and heat treatments, which may
suggest that physical isolation within the porotrsicture is not sufficient to protect probiotic
bacteria from the surrounding environments. Thetgekzed starch solution (coating material)
might not be able to sufficiently seal the poreshef porous starch.

5. Conclusion

In this work, we modified maize starch to obtainqaes structures for the entrapment of probiotic
bacteria. The results showed that enzymatic madibo is an effective method to increase
encapsulation yields when starch-based materisasl for encapsulation and further ensures that
the number of viable bacteria remain above the mminh dosage as requirement during food
processing and digestion in the body. Major opputies for enhancing synergistic properties
between resistant starch and probiotics may coora fational selection of the kind of starches

used for encapsulation in combination with accunadémipulation of preparation techniques.
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519 Tablel
520 Viable bacteria count (log CFU Y of encapsulatedL. plantarum 299v after the
521 microencapsulation process, incubation in high dpld=2.0), bile salt (3% w/v) condition and
522 heat (60°C) condition. * indicates statistically significadifference (p < 0.05) within the same
523 column. The viability data were from duplicate aséd of duplicate samples (n= 2).
Acid Bile salt Heat
Wall materials Initial count 1h 2h 2h 4h 15 min
Native 7.77+0.41* 6.69+0.17* 6.15+0.36 6.95x0.62* 6.04i0:4 4.87+0.48*
PA30 9.11+0.14 8.34+0.37 7.55+0.85 8.34+0.06 8.13+0.49 .40460.13
PA120 9.06+0.13 8.29+0.26 7.29+0.96 8.37+0.05 8.00+0.30 .6080.21
P30 9.21+0.08 8.27+0.32 7.48+0.74  8.55+0.08 8.15+0.25 .5160.15
P120 8.94+0.05 8.23+0.14 7.68+0.37 8.46+0.10 7.99+0.42 .5040.08
FA30 8.95+0.16 7.99+0.08 7.12+0.03 8.32+0.16 7.98+0.58 .1980.27
FA120 8.96+0.37 8.05+0.23 7.25£0.29 8.28+0.14 7.97+0.51 .4380.15
524

525
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Figure Captions

Fig. 1. Scanning electron micrographs of starch granudésre (A) and after enzymatic digestion:
control (B), pancreatio-amylase (C and D), pancreatin (E and F), and fuaganylase (G and
H); 30-min digestion (C, E and G), and 120-min digen (D, F and H).

Fig. 2. CLSM images of (A) unmodified starch with celldaghed to the granule surface, (B)
30-min hydrolyzed microcapsule and (C) 120-min lojyired microcapsule with cells trapped
inside (arrow shows large pore opening).

Fig. 3. Reduction of viable count of free or microencapsed L. plantarum 299v during
incubation (37 °C) in (A) high acid (pH=2.0) and)(Bile salt (3% w/v) conditions. Mean and
standard errors were calculated using data of dafglianalysis of duplicate samples (n= 2). *
indicates statistically significant difference (P<05) at the same time point.

Fig. 4. Reduction of viable count of free or microencaptedL. plantarum299v after exposure

to heat (60 °C) in sodium phosphate buffer (pH=608)15 min. Mean bars with different letters
(a-b) are significantly different (p < 0.05). Meand standard errors were calculated using data of
duplicate analysis of duplicate samples (n= 2).
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Highlights

* Amylase creates ample void space in maize starch allowing bacteria to diffuse into
» Porous starch allows for a high probiotic loading efficiency

» Porous starch offers enhanced protection to hostile conditions

* Theviable countsin porous starch remain higher than native starch



