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Abstract

Functional konjac glucomannan (KGM) was usedsttocture the water phase of O/W
emulsions containing a lipophilic bioactive compduf-carotene). KGM greatly increased
the viscosity of the water phase and thus the gisgof final emulsions. Results of Fourier-
transform infrared spectroscopy (FT-IR) showed ttatre is no significant non-covalent
interaction between KGM and whey proteins in thetewgphase. KGM significantly
improved the creaming and pH stability of whey-pnotstabilized emulsiong€0.05), and
significantly decreased the oiling-off of emulsiahging freeze-thaw test. Emulsions with or
without KGM all had good thermal stability at 80.°®licroscopy observations indicated
obvious aggregation of free proteins and oil drispi@ gastric phase and an enzymatic-
induced break-down of droplets, mainly in the itited phase of the simulated
gastrointestinal tract (GIT). Emulsions with KGMtsttured water phase showed a lower
final release rate of encapsulaggdarotene than emulsion without KGM<0.05), and the
release rate decreased with the increasing KGMeobnthe findings of this study contribute
to a better understanding of the influence of tleewphase on the release of encapsulated
compounds from emulsions, and make it possible ¢biese controlled release of
encapsulated compounds, and/or to deliver mulfiyphetional ingredients in one carrier by

structuring the water phase of emulsion with fumeal polymers.

Keywords. emulsion, water phase, konjac glucomannan, stability, release
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1. Introduction

There has been a growing interest in the atilin of emulsions as the carriers for the
encapsulation, protection and delivery of lipoghifunctional nutrients. Many emulsion-
based carriers have been successfully developpubtectively deliver a variety of bioactive
molecules, such as carotenoids (Lu et al., 2016; Kelly, & Miao, 2017b), fatty acids
(Karthik & Anandharamakrishnan, 2016), polyphendls, Kelly, & Miao, 2016), peptides
(Niu, Conejos-Sanchez, Griffin, O'Driscoll, & Aloms2016) and novel drugs (Hormann &
Zimmer, 2016).

Since emulsions have been widely used as novakcaffor functional nutrients, a better
understanding of the factors that can influencedigestion behavior of emulsion droplets
and thus the release of encapsulated bioactiveentdr becomes very important. The
digestion of emulsion droplets is closely relatedteir structure, including the oil phase,
interfacial layer, and water phase. Taking prosgabilized oil-in-water (O/W) emulsion as
an example, the digestion process of protein-stailemulsion droplets containing bioactive
nutrients mainly goes through four steps: (i) bingdof proteinase to the droplet surface in the
water phase, e.g., pepsin and trypsin; (ii) hydsislyf interfacial protein layers by proteinase;
(ii) hydrolysis of lipid in the oil phase by lipasand release of bioactive nutrients from lipid
droplets; and (iv) formation of bile-salt emulsdienicelles containing released lipophilic
bioactive nutrients. Accordingly, the formula of teaphase and interface can influence the
final bioaccessibility by modifying the first twaeps of the digestion, while the structure and
composition of oil phase can influence the finadducessibility through affecting the later

two steps of digestion. The effects of compositorstructure of the oil phase and interface
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on the release of encapsulated bioactive nutrfeoiis emulsions have been well investigated
in previous studies (Lu et al.,, 2017b; Qian, Deck@no, & McClements, 2012; Salvia-
Trujillo, Fumiaki, Park, & McClements, 2017). Howeay little is known about the influence
of the water phase on the digestion of emulsiompléte and thus the release of encapsulated
nutrients from emulsions.

Natural polysaccharides are a class of biopolynteas have been widely used in the
production of emulsions, due to their wide avalihigood physical and chemical stability,
edibility, and low cost. Previous studies have smdhat introducing polysaccharide as a
second stabilizer into the water phase can sigmflg enhance the stability of emulsions
(Dickinson, 2011). Polysaccharides can generalldifpdhe interface, rheology, or gelation
properties of emulsions. Polysaccharides can aigoifisantly enhance the stability of
protein-stabilized emulsions by forming a polysaodte-protein double-layer interface
(Aoki, Decker, & McClements, 2005; Guzey, Kim, & Klements, 2004; Jeonghee Surh
2005; Mao, Roos, & Miao, 2015). In addition, polysharides can form network structures
in the water phase, which can limit the mobilityalf droplets by steric hindrance and thus
improve the creaming stability of emulsions (Linaét 2017). Such network structures in the
water phase can potentially also influence theibodnd interaction process of enzymes, the
digestion velocity of emulsion droplets, and thhe telease of encapsulated bioactive
nutrients, as described above.

Konjac glucomannan (KGM) is a natural polysacale obtained from tubers of
Amorphophallus konjac cultivated in Asia. KGM is reported to possess ynla@alth benefits,
such as lowering the blood cholesterol and sugedepositively modulating gut microflora,
promoting weight loss, and improving immune funetiQArvill, 1995; Chua, Baldwin,
Hocking, & Chan, 2010). However, there are few ssidn using KGM to modify the water

phase and thus influencing the release of encapsul@oactive nutrients from emulsions.
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Introducing KGM into emulsions can also endow thalf emulsions with new health
benefits associated with KGM besides those corteibby encapsulated molecules. This can
accordingly achieve a delivery of multiple nutrem one carrier.

From the above, this study was therefore pregde investigate the effect of structuring
water phase of model oil-in-water (O/W) emulsioryskiGM on their properties, including
droplet size, surface charge, creaming stability, gpability, thermal stability, and freeze-
thaw stability, and also the effect on the releaSeencapsulated bioactive nutrienf$ (
carotene) from O/W emulsion after passing througiinaulated gastrointestinal tract (GIT)

digestion.

2. Material and methods

2.1 Materials
Konjac glucomannan powder was obtained from Korjaod (Cupertino, CA, USA).
Whey protein isolate was purchased from DaviscadHaternational (Le Sueur, MN, USA).

B-carotene (>93%, UV), pepsin, pancreatin (porcidJSP) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Sunflower oil was mimrased from a local supermarket. All
other chemicals and reagents used were of AR-gaadeobtained from Sigma-Aldrich (St.

Louis, MO, USA).

2.2 Preparation of emulsions

Whey protein isolate (WPI) was dispersed (2%, wiWlillipore water containing sodium
azide as antimicrobial agent (0.01% wi/w). The disijpas were stirred for 4 h and kept at
4 °C overnight for complete dissolution of WPI. eTdispersion was then brought to 25 °C
before adding konjac glucomannan (KGM) powder td&ena KGM content of 0.05%, 0.1%,

or 0.2% in the final emulsions. The mixtures weneexd for 4 h for a complete dissolution of
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KGM and then centrifuged at 4,000 rpm (2700 g)Z0rmin before being used as the water
phase. The oil phase was prepared by dissoB4ogrotene (0.2%, w/w in final emulsion) in
sunflower oil (10%, w/w in final emulsion) at 14CQ which was then mixed with the water
phase at 10,000 rpm for 2 min at room temperatgieguan Ultra-Turrax (IKA, Staufen,
Germany) followed by further homogenization (APVOQQSPX Flow Technology, Charlotte,

North Carolina, USA) at 50 MPa for 3 passes at roemperature to obtain final emulsions.

2.3 Droplet size and surface charge

The droplet size and zeta potential of KGM emulsiarere measured by a laser particle
analyzer (Nano-ZS, Malvern Instruments, WorcestsershJK) as described in our previous
study (Lu et al., 2016). Emulsions were dilutedhe final oil content (w/w) of 0.01% before

testing. The refractive index (RI) of samples wetsad 1.47 for sunflower oil.

2.4 Creaming stability

Emulsion stability was evaluated using LumisizetJL GmbH, Berlin, Germany) as
describe previously. Emulsions were centrifuge@,a800 g at 25 °CGwith a scanning rate of
once every 10 s for 1,200 s. Following the testyes of the integrated transmitted light

against time were plotted, and the slope of eachecwas taken as the Creaming Index (ClI).

2.5 Rheological analysis

Rheological measurements were performed using an 20R0ex rheometer (TA
Instruments, Crawley, UK). A concentric cylinderogeetry (stator inner radius=15 mm,
rotor outer radius=14 mm) was selected, and 19 gaoh sample was placed into the inner
cylinder and equilibrated for 2 min before measwesin Viscosity testing was performed

over a shear rate range of 0-300as 25 °C.



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

2.6 Fourier transforms infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FT-IR)htemlogy was used to evaluate the
molecular structure of KGM and WPI in water phaséobe and after homogenization. The
IR spectra of the samples were recorded by FT-#tspphotometer (Bruker Corp, Billerica,
Massachusetts, USA) using an attenuated totaktefte(ATR) technique. The spectrum was
scanned from 4000 ¢f900 cm* with a resolution of 4 cth An average of 300 scans was

recorded for each sample.

2.7 Sability of emulsions at different pH values and temperature

The effect of KGM on the resistance of emulsionsedreme pH environments was
evaluated. The KGM emulsions were brought to di#ffiépH values from 2.0 to 7.0 with HCI
or NaOH solution, and maintained for 4 h at roomgerature before droplet size, surface
charge and creaming stability analysis by DLS aunnhisizer as described above.

The effect of KGM on the resistance of emulsionghermal processing was evaluated
following incubation at 25°C, 37 °C, or 80 °C foh2The droplet size was then analyzed by

Malvern Nanosizer as described above.

2.8 Freeze-Thaw Test

Freeze-thaw testing was applied to emulsions kghabjective of assessing the possibility
of frozen storage of liquid emulsions containingdative nutrients. In addition, the changes
in properties of emulsions after the freeze-thaacessing can potentially contribute to the
freeze-drying of liquid emulsions into solid protkicwhich can significantly facilitate the

storage, transportation, and application of emuaksio
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Liquid emulsions were kept at -20°C for 24 h anentthawed at 25°C for 2 h in a water
bath. This cycle was repeated three times. Drgmet and surface charge was measured after
each cycle by Malvern nanosizer. Creaming stabdityemulsions after three cycles was
measured with Lumisizer as described above.

Oiling-off of emulsions after 3 cycles of freezeathwas also evaluated by measuring the
content ofB-carotene in the free oil fraction. The thawed esimis were centrifuged at
10,000 g for 10 min (25 °C). Free oil layer contagnp-carotene on top of emulsions were
collected and subjected to a second centrifug®@®d 4 for 10 min (25 °C). The supernatant
(free oil) containing3-carotene was collected and extracted with ethiaex#ine. The content
of B-carotene in hexane fraction was quantified by RR-E as described below. The oiling-
off was calculated based on the equation below:

Oil-off (%)=="229 10096 o)

initial
whereCree ol aNdCiniiar are the concentration @fcarotene in the free oil fraction after 3

cycles of freeze-thaw and in the initial emulsi@idre freeze-thaw test, respectively.

2.9 Smulated gastrointestinal tract (GIT) digestion

An in vitro simulated GIT model consisting of mouth, gastmd antestinal phases was
used to digesp-carotene loaded emulsions. The simulated salival {SSF), simulated
gastric fluid (SGF), and simulated intestinal flu{&IF) were prepared as described
previously research (Lu et al., 2017b) with minardification.

For the mouth phase digestion, emulsions were mixigld SSF (1:1, v/v), the pH was
adjusted to 6.8 and the mixtures were incubat&¥ 4C for 10 min with continuous agitation
at 150 rpm.For the gastric phase, the bolus safrgoie the mouth phase was mixed with the

SGF (1:1, v/v). The pH of the mixture was adjudte@.5 and it was incubated at 37 f@ 2
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h with continuous agitation at 150 rpm. The pesitivity in the final mixture was 1000
U/ml. For the small intestinal phase, the bolus@anrom the gastric phase was mixed with
the SIF (1:1, v/v). The pH of the mixture was atial to 7.0 and it was incubated at 37 °C
for 2 h with continuous agitation at 150 rpm. Thgsin activity in the final mixture was 25

U/ml.

2.10 Laser scanning confocal microscope observation

The microstructure of the initial and digested sk®pvas observed using a Leica TCS
SP5 laser scanning confocal microscope (Leica Mistems, Baden-Wirttemberg,
Germany). All the images were taken using a 63-xwinersion objective and simultaneous
dual-channel imaging, He-Ne laser (excitation wargth at 633 nm) and an Argon laser
(excitation wavelength at 488 nm). A mixture of telges, Fast green (0.1 %, w/w in water)
and Nile red (0.1 %, w/w in propanediol) was useccolor and detect protein and lipid,

respectively. Initial/digested sample (500 pl) wgastly mixed with 50 pl of mixed dye.

2.11 Release of encapsulated j-carotene

The amount op-carotene in micelle fractions after the intestiphase GIT was measured
as the final release rate of encapsulfitedrotene. Briefly, an aliquot of raw digesta frtdme
intestinal phase was centrifuged at 4,500 rpm (2978r 40 min at 4 °Cand the middle
layer was collected and considered as the micedletibn. One mL of the micelle fraction
was extracted twice with ethanol/n-hexane. The uppéexane layer containing the
solubilizedp-carotene was collected and analyzed by RP-HPLdessribed below.

The final release rate of encapsuldtathrotene was calculated using the follow equation:

C .
Release rate (%)=2¢1€ 1000 2)

initial
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whereChiceleandCinitial are the concentration @fcarotene in the micelle fraction and

initial emulsion before digestion, respectively.

2.12 Quantification of p-carotene

Reversed-phase high performance liquid chrognaphy (RP-HPLC) was used to quantify
B-carotene. An Agilent 1200 series system with a DAM-Vis detector (Agilent, Santa
Clara, CA, USA) and a reversed phase TSKgel ODS~10@ column (4.6x250 mm, pm,
TOSOH) was employed.

Chromatography conditions: column operation pgerature at 30 °C; elution was
performed with 90% ethanol and 10% acetonitrilerfrd-30 min, flow rate was 1 mL/min,

detection wavelength was 450 nm, and injection mawvas 2QuL.

2.13 Satistical analysis
All experiments were repeated at least three tiBeg-way analysis of variance (ANOVA)
was employed to compare means of data. A t-Testusad to determine the differences

between means. Significant differences were detexdhat the 0.05 levep€0.05).

3. Results and discussion

3.1 Droplet size and surface charge

As is shown in Tablé&, an emulsion without konjac glucomannan (KGM) kaadaverage
droplet size of 252 nm, while emulsions containk@M showed significantly increased
droplet size with increasing KGM content from 0.0584.2% p<0.05). KGM, as a natural

polysaccharide, is dispersible in water and camfar network structure with different

10



194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

particle size depending on its molecular weight eadcentration (Lazaridou, Biliaderis, &
lzydorczyk, 2003). This network structure can ptdly increase the average droplet size of
emulsions. However, the droplet size test was pmdéd after 1000-fold dilution of
emulsions and KGM at this extreme low concentrai{©d.0002%) is unlikely to form a
network structure.

There is another possibility to explain the inceshgroplet size of KGM-emulsions. The
peak of the size distribution shifted to a sligtitigher value (data not shown), indicating that
there may be some flocculation or coalescence efdioplets, which were forced close
enough at high KGM concentrations induced by depieattraction between droplets (Ye,
Hemar, & Singh, 2004). Slight aggregation of drtgplevas also observed in our previous
research (Lu et al., 2016).

All emulsions were negatively charged and no sigaift difference in surface charge
between different emulsions was observed0(05). Generally, KGM is a non-charged
polysaccharide and binding of KGM to the surfaceV@PI-stabilized emulsion droplets
should lead to their significantly reduced surfadearge. However, surface charge of
emulsions containing KGM showed almost no diffeeefirom that of the emulsion without
KGM (Table 1), potentially demonstrating that thesevery limited binding of KGM to the

droplet surface.

3.2 Rheological analysis

The viscosity of emulsions significantly decreaseéth the increasing shear rate (~50 1/s),
indicating a shear-thinning property. The KGM enuiisshowed higher viscosity than
emulsion without KGM, and the viscosity of KGM emgns increased with increasing
KGM content (Fig. 1). Several factors can potehtiaifluence the viscosity of emulsions,

such as oil content, viscosity of water phase, létogize, or surface charge (McClements,

11
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2015). In this study, increased viscosity of KGMusions can be mainly attributed to two
factors: (i) increased viscosity of water phase \KBM dispersion); and (ii) flocculation of
droplets by depletion force induced by non-abso@gisaccharide KGM. As shown in Fig.
2, the viscosity of the water phase (WPI-KGM dispersioalspo decreased with increasing
shear rate, and a similar increase in viscosityh viicreasing KGM content was seen,
suggesting that KGM can significantly increase \lseosity of the water phase and thus the
viscosity of final emulsions. In addition, KGM, asbiopolymer can potentially generate a
depletion force between droplets and induce flaoah of droplets at certain concentrations
(Mao, 1995), which accordingly can increase theasgy of emulsions. This point will be
further discussed in the creaming stability sechielow.

Generally, KGM can disperse in water and form highkcous suspensions at pH values
of 4.0-7.0 due to its high molecular weight, ramgfrom 200-2000 kDa (Chua et al., 2010;
Villay et al., 2012). The viscosity of WPI-KGM susEpsions after homogenization decreased
significantly Fig. 2). This is mainly attributed to the mechanical aéymerization and/or
de-polymerization-coupled conformation of KGM bynmagenization (Villay et al., 2012).
The molar-mass distribution is the primary paramdtet influences the viscosity of
polysaccharide in solution. Homogenization can ld¢ad mechanical degradation (de-
polymerization) of polysaccharides, and producetioas with low molecular weight or low

polydispersity, which accordingly lead to decreasedosity.

3.3 Fourier- transforminfrared spectroscopy (FT-IR) analysis

Generally, polysaccharides can form double rlasfructures at the interface of protein-
stabilized emulsion through electrostatic attractichydrogen bond or hydrophobic
interactions with protein. However, KGM is a noraaled polysaccharide and cannot form

complexes with protein by electrostatic attracti@Qur preliminary research also indicated

12
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that there is no significant hydrophobic or hydneg@nd interaction between WPI and KGM
at different pH values (2-8) and temperatures @@XC) (data not shown).

However, little was known about the interactiostween WPI and KGM in the water
phase after homogenization. Hence, fourier-transfanfrared spectroscopy (FT-IR) was
employed to investigate the influence of HPH onghaperties of water phase. The spectra of
water phase (WPI-KGM dispersions) before and aftd?PH were collected within
wavelengths of 900-4000 ¢hand spectra between 1350-1700"caere analysed, since this
zone covers the main characteristic absorptiongeékVPI (Chen, Li, Ding, & Suo, 2012).
The spectra of WPI (Fig. 3) indicated the presesfasharacteristic absorption peaks at 1645,
1548, 1456, and 1400 ¢chtorresponding to the C=0 stretching and the bendiN-H, C-H,
C-N bonds, respectively (Barth, 2007; Chen et 2012). Compared with WPI before
homogenization, the spectra of WPI after homogeiozalid not show significant difference.

KGM exhibited a characteristic absorption pedkthe B-1,4-linked glycosidic bond at
895 cm' and a characteristic peak of the enlargement @frmyjd rings at 808 cth(Gao, Su,
Huang, & He, 2014). Hence, KGM showed almost nonifigant absorption within
wavelength of 900-4000c¢t Spectra of WPI-KGM dispersions also showed naifigant
difference compared with pure WPI dispersion betord after homogenization (Fig. 3). All
these results suggested that: (i) homogenizatidnndt induce significant changes in the
molecular structure of WPI; and (ii) homogenizatocessing did not induce obvious non-
covalent interactions, e.g., electrostatic attoagthydrophobic interaction or hydrogen bond,
between WPI and KGM. However, the droplet size gdabt shown) of WPI-KGM
dispersions significantly decreased after homogsina, which was mainly attributed to the
mechanical de-polymerization of KGM by homogenizatias described above (Villay et al.,

2012).
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3.4 Creaming stability

Creaming index (Cl) was used to describe the rateght transmission change. It is
calculated based on the curve of the integratassmnéted light against time. A higher CI
value indicates a lower creaming stability of enars Hence, emulsion containing 0.05%
KGM showed the highest creaming stability, followmyg emulsions containing 0.1% KGM
and the emulsion without KGM (Table 1). KGM can noye the creaming stability of
emulsions by increasing the viscosity of emulsiaadescribed above (Fig. 1). In addition,
KGM at these concentrations (0.05%, or 0.1%) caemg@lly form a network structure in
water phase. Even though, these network structuees be destroyed by mechanical
homogenization as described above, the chain-ateicf KGM can still limit the creaming
of emulsions due to the increased steric hindramckforce of friction between droplets and
the continuous phase.

However, emulsion containing 0.2% KGM showed veopmpcreaming stability, which
was mainly attributed to the depletion flocculatiohemulsion droplets by non-absorbed
KGM (Klinkesorn, Sophanodora, Chinachoti, & McClartsee 2004; Mao, 1995). Non-
adsorbed polymers can generate an attractive osruote between droplets. This osmotic
force increases with increasing concentration dyrmper until it is large enough to overcome
the repulsive forces between droplets and causeulation of droplets. Droplet flocculation
can also increase the viscosity of emulsions byedsing the internal packing of droplets
within flocs due to increased effective volume fiac of the particles based on Dougherty-
Krieger equation (McClements, 2015). This may explahy emulsion with high content of

KGM showed increased viscosity, as described afféige 1).

3.5 Sability of emulsions at different pH

14
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Emulsions were all stable at pH 2-4 and pH @4re emulsion without KGM showed a
significantly increase in droplet size at pH 5 (H@), which is mainly attribute to whey
protein aggregation at this pH value, which is elds its isoelectric point (IEP). This
increase in droplet size accordingly resulted imrporeaming stability of these emulsions
(Table 2). Emulsions containing KGM showed sigrifidy less increase in droplet size at
pH 5 (©<0.05) than the emulsion without KGM, depending thhe content of KGM.
Accordingly, these KGM-containing emulsions wittdueed droplet size at pH 5 showed
better creaming stability than the emulsion withK@M (Table 2). These results suggested
that KGM can significantly improve the pH stabilay WPI-stabilized emulsions.

KGM is a very stable polysaccharide across dewange of pH values. KGM, with a
chain-like structure, can fill in the space betwéee protein molecules and oil droplets in
emulsions and potentially can isolate oil dropfedsn each other, which accordingly reduces
the Brownian-motion-induced contact of proteins aindroplets and thus their aggregation
at pH value close to the IEP of proteins. The higifehe KGM content, the higher density

of the filled space, and thus the more signifigahtbition of aggregation.

3.6 Thermal stability

The thermal stability of emulsions at different ematures was also investigated. After 2
h incubation at elevated temperature°(3@r 80°C), the droplet size of all emulsions showed
almost no difference compared to the droplet sfzenwulsions at 2% (Table 2), suggesting

that emulsions in this study had good thermal Btglait temperatures up to 80

3.7 Freeze-thaw testing
After the first cycle of freeze-thaw, the dropléesand surface charge of all emulsions

significantly decreasedp€0.05) (Table 3). Then, the droplet size increaséth the
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increasing freeze-thaw cycles and the final dropieé of all emulsions after three cycles
were smaller than their initial droplet size. Ngrsficant difference in surface charge after
second and third cycles of freeze-thaw was obsemsezept for the emulsion without KGM.

Oiling-off of emulsions was also clearly observé#@3 cycles of freeze-thaw (Table 2) and
KGM successfully reduced the oiling-off of the esiah. Compared with the emulsion
without KGM (10.2%), only 2.4% of the oil was redea from the emulsion containing 0.2%
KGM after 3 cycles of freeze-thayw<0.05).

Ice crystals are formed during freezing of emulsjoand the ice penetration can
potentially lead to the break-down of the protaper surrounding the oil droplets, and thus
lead to oiling-off of emulsions. Combined with thesults above, it is assumed that (i)
freezing led to the break-down of large emulsiooptits, leading to the oiling-off of
emulsions, a narrower size distribution and a snallerage droplet size, and (ii) freezing
can also induce desorption of whey proteins froedtoplet surface, leading to the reduced
surface charge of emulsions after first cycle @efre-thaw. However, the above findings
suggested that KGM can help to maintain the stracti the interfacial protein layer and
significantly protect the emulsion from oiling-offyobably by slowing down the formation

of ice crystals (Mao et al., 2015).

3.8 Smulated GIT digestion

As described in our previous studies (Lu, KellyM8ao, 2017a; Lu et al., 2017b), passing
emulsions through simulated gastrointestinal ti@fT) digestion greatly modifies their
properties. The average droplet size of all emualsisignificantly increased after gastric
phase and decreased after intestinal phase (Tgpblelhdich was also confirmed by the
microscopy observation. As is shown in Fig. 5, rattte mouth phase, no major difference in

droplet shape and size was observed. After theriggshase, significant aggregation of
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proteins (green fluorescence) was observed, whieh wainly attributed to the exposure of
the hydrophobic domain of whey proteins inducedpbpsin hydrolysis and relatively high
ionic strength in gastric phase. The process ofepraaggregation also clustered some oill
droplets (red fluorescence) and formed larger cergd. In addition, hydrolysis of WPI at
the interface by pepsin resulted in aggregatiosavhe oil droplets. These two factors may
explain the dramatic increase in droplet size dftergastric phase. After the intestinal phase,
almost all proteins at the interface were hydralybg trypsin, leading to the collapse of oil
droplets and the hydrolysis of oil by lipase. Tlyerdolysis of whey protein and sunflower oil
also led to the quenching of most of the greenraddluorescence, respectively. Only very

few intact oil droplets were captured.

3.9 Release of encapsulated f-carotene after GIT

Adding KGM to the water phase of emulsions sigaifity modified the release @-
carotene from emulsion droplets after passing @jind@IT. Emulsion without KGM showed
a final B-carotene-release-rate of 64.5®carotene-release-rate of emulsions containing
KGM were generally inferior to that of emulsion meut KGM, and the release rate
decreased with increasing KGM contelig; 6). Emulsions containing 0.1% KGM and 0.2%
KGM showed significant lowep-carotene-release-rate than emulsion without K@¥D(05).
The results indicated that KGM can potentially sldewn the release df-carotene from
emulsion droplets, which is dependent on the carelGM in final emulsions.

As discussed in the introduction section, any factbat influence the four steps of the
digestion process of emulsion droplets can potintienodify the final release of
encapsulated ingredients from emulsions. Our pusvitudies also showed that emulsions
with maltodextrin-structured water phase showeadiBaantly different release profiles of

lipophilic food flavors due to modified mobility #iin the water phase (Mao, Roos, & Miao,
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2014). In this study, KGM was used to formulate weter phase of model O/W emulsion.
Emulsions with KGM showed more a viscous water phitagn emulsion without KGM. In
addition, KGM shows a chain-like molecular struetumm water, which facilitates
intermolecular cross-linking into a gel-like struict. All these properties can potentially
interfere with the digestion steps of the hydrdysif interfacial protein layer and the
hydrolysis of oil phase by steric hindrance efféefding to slower release of encapsulated
ingredients from emulsion droplets. These factoey mxplain why emulsions with KGM-
structured water phase showed decreased releas® ohtencapsulate@-carotene with
increasing KGM content in this study. The findiradso suggest that it is feasible to achieve a
controlled/sustainable release of encapsulatedtimat ingredients from emulsions by
structuring the water phase of emulsions with retoiopolymers.

However, KGM can be hydrolysed and utilized by thieroorganisms in the gut. Hence,
the in-vivo digestion behaviour and release profile of enclapsd ingredients in emulsions

with a KGM-structured water phase need to be furshadied.

4. Conclusion

Konjac glucomannan (KGM) increased the assty of the water phase and thus the
viscosity of the final whey-protein-isolate (WPHKgbilized O/W emulsions. No significant
non-covalent interaction between KGM and whey pnstdefore and after homogenization
was observed by FT-IR. KGM greatly improved theaoneng and pH stability of emulsions
and protected emulsions from oiling-off after freg¢haw process. The digestion and break-
down of emulsion droplets mainly happened in théstinal phase of a simulated
gastrointestinal tract (GIT), as evaluated by coafolaser scanning microscopy. KGM
significantly decreased the release raggadrotene from emulsions, which is dependent on

the content of KGM in emulsions.
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Model O/W emulsions with better stability and cofied release of3-carotene were
obtained by simply structuring the water phase waitiealth-beneficial polysaccharide, KGM.
Findings in this study make it possible to desigruksion-based functional food products or
drug carriers with potential controlled or sustailearelease of functional ingredients inside

by structuring the water phase of emulsions witlurz edible biopolymers.
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Figure captions

Fig. 1 Viscosity of emulsionsKGM 0% indicates emulsion without konjac glucomamna
(KGM), while KGM 0.05%, KGM 0.1%, and KGM 0.2% irgdites emulsions with KGM
content (w/w) of 0.05%, 0.1%, and 0.2%, respecyiviisert: initial viscosity at very low
shear rate (~2.5 1/s)

Fig. 2 Viscosity of whey protein isolate (WPI) and konjglicomannan (KGM) mixed
solutions before and after homogenization at 50 M&aWPI solution without KGM,; If)
WP solution with 0.05% (w/w) KGM;d) WPI solution with 0.1% KGM;d) WPI solution
with 0.2% KGM.

Fig. 3 Fourier-transform infrared (FT-IR) spectra of (P (2%, w/w), (b) WPI (2%, w/w)
after homogenization , (c) a mixture of WPI (2% wvand KGM (0.2%, w/w) and (d) a
mixture of WPI (2%, w/w) and KGM (0.2%, w/w) aftelomogenization. WPI indicates
whey protein isolate. KGM indicates konjac glucoimam

Fig. 4 Droplet size &) and zeta potentiab} of emulsions at different pH valugsGM 0%
indicate emulsion without konjac glucomannan (KGKIEM 0.05%, KGM 0.1%, and KGM
0.2% indicates emulsions with KGM content of 0.0%24.%, and 0.2%, respectively.

Fig. 5 Confocal scanning microscope observation of eronldroplets after being exposed to
simulated gastrointestinal tract (GIT). KGM 0% icatie emulsion without konjac
glucomannan (KGM). KGM 0.05%, KGM 0.1%, and KGM @& 2ndicates emulsions with
KGM content (w/w) of 0.05%, 0.1%, and 0.2%, respety.

Fig. 6 Release of encapsulateicarotene from emulsions. KGM indicates konjac
glucomannan. $<0.05, ** p<0.01.
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Table 1 Droplet size, zeta potential, polydispersity indBxl) and creaming index (Cl) of emulsions
containing KGM

KGM (%, w/w) size (d.nm) zeta potential (mV) Pdi I @6/min)
0 252+¢ -65.0+5.4 0.24+0.02 0.64+0.0%

0.05 280+8 -60.4+2.2 0.21+0.02 0.52+0.02

0.1 30617 -59.3+2.6 0.21+0.0% 0.55+0.02

0.2 350+24 -59.3+0.7 0.20+0.02 1.70+0.04

*KGM indicates konjac glucomannaibifferent letters indicate significant differencettveen values
in a column §p<0.05)
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Table 2 Creaming index (CI) of emulsions at pH 5.0 or iafiteeze-thaw, oil-off of emulsions after freezeath and droplet size of emulsions at different
temperatures

KGM content ClatpH5.0 Cl after freeze-thaw Oil-off after Size (d.nm)
(%, wiw) (%/min) (%/min) freeze-thaw (%) 25 °C 37 °C 80 °C
0 9.11+0.0% 0.76+0.08 10.2+0.03 252+8' 25445 257+2
0.05 7.77+0.03 0.70+0.06 6.7+0.02 271+10 2699 26616
0.1 5.98+0.08 0.62+0.08 4.8+0.06 3136 31246 31446
0.2 3.88+0.04 1.3620.0f 2.4+0.0% 3346 328+6 3316

*KGM indicates konjac glucomannaarlDifferent letters indicate significant differencetiveen values in a colump<0.05)
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Table 3 Droplet size and surface charge of emulsions &fteze-thaw processing

Freeze-thaw Size (d.nm) Zeta potential (mV)
cycle KGM 0% KGM 0.05% KGM 0.1% KGM 0.2% KGM 0% KGM 0.05% KGM 0.1% KGM 0.2%
0 252+9 280+8 30617 350+24 -65.0+5.4 -60.4+2.2 -59.3+2.6 -59.3+0.7
1 202+4 2262 26618 302+18 -57.3+0.2 52.6+1.% 53.1+2.7 -52.8+0.7
2 21645 249+8 288+16 308+13 -52.5+1.8 54.5+1.8 -53.9+1.8 52.4+1.3
3 227+6' 2739 3079’ 314+10 -52.5+1.7 54.2+1.% -51.4+0.7 -54.5+F

* Freeze-thaw test was done at -20°C, followedHayting at 25°C. KGM 0% indicate emulsion withouhjax glucomannan (KGM). KGM 0.05%, KGM

0.1%, and KGM 0.2% indicates emulsions with KGM teor (w/w) of 0.05%, 0.1%, and 0.2%, respectiv%ll)iﬁerent letters indicate significant difference
between values in a colump<Q.05)
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Table 4 Droplet size and zeta potential of emulsions dairtg KGM following different phases of gastrointiesl tract digestion

Size (d.nm) zeta potential (mV)
KGM content — - - 0 —— - - -
(Wiw, %) initial mouth phase gastric phase intestinal phaseinitial mouth phase gastric phase intestinal phase
0 252+d" 2481 1505+361 192456 -65+5.4  -64.5+4.9 18.0+1.4 -70.5+6.4
0.05 280+8 288+T 1624+453 185+3F -60.4+2.2  -58.5+0.7 15.5+0.7" -71.0+2.8
0.1 30617 3054 1598+423 178+19 -59.3+2.6  -59.5+2.f 14.00 -76.5+4.9
0.2 350+24 352+1F 1057+204 200+38 -59.3+0.7 -59.0+1.4 9.0x0 -77.5%3.5

*KGM indicates konjac qucomanna?Different letters indicate significant differencettveen values in a colump<0.05)
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Highlights of thisstudy:

* KGM can significantly improve the stability of WPI-stabilized O/W emulsion
* KGM can significantly decrease the oiling-off of emulsion after freeze-thaw test

« KGM can potentialy delay the release of B-carotene from emulsion droplets



