Iranian Food Science and Technology

= ¥
Research Journal K@Sﬁ

G

Vol. 13, No. 4, Oct- Nov 2017, p. 553-565 -

Gl @l pboo g pale Slaiidgly 4y

Zigirds 553-565 .o 1396 bl - 0 4 o louis 13 ul>

SSbul g, Cdor by el 60 gl wY dr sl peS 5y Sleo s 2L

IS 9 b g dgnl e b b

sl w5 =SS i1 e e <Pt 5 5 T Sl gl
1395/02/12 2251 55 o s
1395/05/16 : 2 4 = ot

2>

YL JeuSgie @20 b (055 5 bigw (89 Aol sl yed | lacdgyslich Y 4 4Y Clo b b (ladpas i) plagh ool »

6 Lialny iS5 (599890 Jumil U5 o 331950 g 0j5] daJgunS ) Sluoguas TEMg AFM L la s yud gyl sla S5 05 ooLe]
p9bad ol i Yl Loy 3o g 15y egib L0 U1 o elsus bgw g dgil (sla o yud 4 wols LS golts b oy Jut!
01 JgunS plSocianl 3gup0 4 yoie 45 sl iulj8l ol Caalus coylgrd (claaY sluws (ul3bl b g 0391 (69,8 Lo JguusS o, o8 Widls L5 SEM
bty Y s ) ls ey il 65 ity ol 51ao 5 il 2alS il (63 ialey iy e oY 313 il o
4 oles o lyond Sliggy edle Giulay cJouwS 5y 01530 (slaayY oluss 139381 Ly oS 5,8 blizwl 665 ol v o a5 cdl ilisl cdleis
o S5 ) il 53 iy sl 1y hos? (it 5oy A8 1 ol Sy (S Jan 85 a3 gn (L o] sy ol 2315
b g ol jlaws da JgusS 1) Mo 9y ol 992 0194 (VL Jao cpl b o il oled )3 Jols St cu pi &5 (cligSay 03 9] oalyd

el (63 ¢S biges g ol oesd caley JpS @Yz laJgunS) (65 S]]y

(Gunning et al.,1999)
2 el> o3le (59,5 Jub 0l 5 Il o 4 w15 iy
JBE LS 5l SS90 sl ke (Slabowg (lyiee &5
J=B slacysgiss 5l .(Nedovic et al., 2011) sl o 7)o
Olas o )b e Camiio )3 JgueS odimd LSS dlge a7 pnes
Sl P9 e 53 (39 Cedd Ol ((SThpS bl &
12l by Al s 3,5 oldl 025l ooy
) Catio 3bj polie 15 (sl cublB g o3l ey bl (5,
Sl (e33sie sla 3o, 4251 .(Sagis et al., 2008) wsb 4l
P (6l e o Ll 1 (gloms Ll ) 3925 Sl 3,
e 208 Mg Vb dja g Jols JouS (SilSie Cuoglie
1991 Jlw po o)) Sems g 20 45 by, o ol p )l Slais
24 3yl pb Oty ySU Y & Y (b G 3,1
S LBL .(Decher et al., 1992) 54, ;LS4 s5lg o Canio

ol ol ey mSUl L gueS 155 sl oo S5

5 Carrier material
6 Electrostatic layer-by-layer (LbL) adsorption

doddo

o il (olid blye p3 b g e (5l (0 0jg !

gy e (hpdny il g e Ly () aitens L3I caps
!y (Bucking et al., 2003) il o Lil38l 4 5, 0SS yno
5 S (b (oab 5 (syhas dlge (1 s L o 55 ialS
lgo el Slbsy iy cdyao (o ol (3ladll S8 55 5 59l 8
23l (oo ogllae sl o) 5l (Su (25 Slge 4y il 3938 51 L3
ool 1y el ol Jlase lge  Slidgs 3, .(Madene et al., 2006)
2 ol ilalil el laso oolo (6145 g Lais e 1 39l 0
s (il (b 298 wal)p (ol Jpaze b e Lo
o 9 ot id ol LeMbl (il wiojls Sl )
23l oo 293 3111 g 0ud gy slane ool o1 (o & amilSs

(2lint @lios g pgle 09,5 lutily 5 skl )5 ogmmiib csya -3 52 1
Ao (gD yd ol (6ol oasiily
Ao w93, oKk pole 0aSld porly (coud 09,5 Lokl -4
(Email: fshahidi@um.ac.ir s 04t gi = %)
DOI: 10.22067/ifstrj.v1395i0.55558



1396 (LT - yo doslonds 43wl oyl pl (210 @bos g pale slodingls 4 pis 94

o9, 9 3150

o WMol (o)ly 4 &8 1) (SPI) L (i85 gl
Hi-Methoxyl, ) (HMP) YL (S sto 42 b 555 (09
(kosher certified. CAS: 9000-69-5, Sciencelab, InC
= (Sl (3) 3O%,\_3U9g Y (o0 o gio 4> Loy 69/8)
L ob,Xlssl g, (Sigma Number: B85307) Lo <8 i
el (63 Jid 95)) i g (x5 Maels (o ol
i Ly, Sy (Sigma Number:23938) L& —w <8,
1,18 (Sigma Number: 71630) L& S 5 =(NaHCO3)
Al (Sigma Number: S7653) L& S 5 =(NaCl) piw
Sigma Number: ) L& 8,5 =10 337 o400 ,08'9 00
S0 &8 45 =(KH2PO4) pusolis y59,0m65 land (84415
S b =(KoHPO4) oanili 3 (39,48 ©laws (Code:105108)
Syo Sy 5= Mol Lall o551 (Code:105109) S,
45 ags (Code:141783)

g o395 o3l (S yeed (g jLuosle]
y AKKEITANS 3, 4 digeo cxiyrs ay3] sy
99y o) Bilbae as Mg Slss ¢ )lde L (2008) e
035 05Ul (SPH) s 55535 il s [ 35 3 6 Lo
s Cis (lp ey PHE2 & Y50 4 Sy ISl b
ad clos > celo 28 Sse 4 g pand (g bawg O
slod 1322600 Xg 598 yilo s A5 03j0n Jgloxa 5,5 Sl
Jodoo e dlgo b 0 plool aids 30 e 4 ol o a3 4
24 oo 4 35 5l 45,5 85 (clos )3 Jglme L g b
L9 i dyw g plon b Ce oy Gy b 00b )l sl
A5 g 4 s (ol Christ Alpha LD) (solessl o5 Sais

9 (TEM) ()9 (F95S oSy Suo b s pnd (25!
(AFM) (o031 59500 295wy Suo

958U sy Se 3l oolissl Ly SP (slo s yud (555)58) 50
55wy See o (TEM, LEO 912 ab, Zeiss Germany) (s s

(AFM, Ara research, model: Full plus, Iran) ol g,

A ()

Osplpwgw (5 5Lwosle]
o augi oy yud) FSPI 00> 0/5 g HMP wo s 1 Jglxo

3 2,3-Butanedione
4 O-phenylenediamine (OPDA)
5 Fibril soy protein isolated

JoS by sloul 13 gy ol (2Uly Jd> 4wl oo
8 d=l g o)l eoslw i al S )b 5l el
AJg e LB L o, on (Peyratout and Dahne, 2004)
ooleie U gl o3gamme 3 ccilisee slanojluil 3 (oo JguS
(Sagis et al., 2008; Yow and Routh, 2006) s_l yieg,Sse
W s L 2515 o0 Lo guaS (6 23980 5 (Sl plSoni
29 JHS 0ad (Sldgja) dlge luoguad i boo)lpd slaaY
g ySIl b oloo g (6599955 ol 3 (Sagis et al., 2008)
gy oS (laygals (L 9 gl k) Alses )L b (olge gos
A, Jones ) 535 o oSt g oo 3ol Soliwlg 1Sl slai g
.(and Lvov, 2003; Decher, 2003; McClements, 2005
Jiily ci5d o 03LT (29 ol b 45 Y dix (slaJguS )
Mansur, ) x5, 1) Jobs slge iglay S aile (6 )buws 8,0,
.(Dejugnat and Sukhorukov, 2006; Wang and et al, 2008

b S5 g (S8 gl el Cogad (23 lagnsn
e BB Jobee PH yooss gatlowgy o liala)ly cailsy ol
Slinwly Sl goos by g Slig oy slp 1) bl o5 2 oo
59 @lie 0 nke 3l bgw (nSgn A5 (o0 Sbul Y 4 &Y
okl (63,Skos sla Sig i & o]l edlisiul &8l (5005
3 5 s 4 <o Jpo B i sl
oAl Mg (5:55g Ayl l Bl S VU ey iis
Slogad 5 (Sjsdon 1) b bgw SV gae I gy p)b
0y pled CLuS i dalyan il oo (VL (3 Shes
I5¥ge sloo 25 s pdyBllasil g Y J5SUgo o5 Sl el
Nishinari ) .S oo oslitul ¢ geadgel (650l sl Lgw S92 5l
(et al., 2014; Nesterenko et al., 2012

M 53 0350 jeba o Cul Jobre w)Slo S oS
Oisu (oM g 4 S 5g b o leal 5 i edlatul (olie slge
2L S 5o 433 by 55, (Sriamornsak, 2003) sl (e3L;
Sl 52)5 sloog )5 jga S 4 Mo sipl sla gl )
Morris et ) cowl b ;b b Jil Lol ogiw Job )3 0550
(al., 1980

sbaShy @il g 2y 3=iod ol plosl jl San
9 b (g donl Gl pd Sl Y o g w2 lagunS 5
Ol 3 0ad SLbgrnny Jed (63 (lalony (i 9 S
ot Sl 0l oo oS ) S a3l o s JgunS )
bulyd 38U o g il LagnS o) Sl pib g slas Giula)
255 18 o3l 350 gl 1 laome

1 Soy protein isolated (SPI)
2 High methoxyl pectin (HMP)



00D aly p Jeil (3 53l 4 Wiz S JgunsS 1) Slogas )|

Ol 8511
oy SoS any (ygmadgal Wlilad ojll @595 g slad Lansgie
5,5 (Fritsch Analysette 22, German) ,;—) j3— LS|
@ Oy U g gl iged o i ol 08,5 )13 (50l
039 0 0 0lS23 by g5 B (5599 il 2351500
SB15Ss J1B 35 byls pglias jboay 5 0 sblol o Ol 35
23 295 yoee diome 4y Wigad ] Sl ey 295 ol izl ]
e e 2 9998 ST Olise 59 51 ) 0jlil @5 5 Jiie

35 e BRI 6r95 9 (2509

13 (S0 7S 5l s

3 oolatwl b yaeadgel 13 3390 lyd (Sl )L (6050l
Lo o 9 (Nano-ZS, Malvern, England) ,;Lwb; olSiws
Laasges (olad i plosl )5 )98 xSl olomle ioxis
Sile (g g B0 (65505181 S5 AL a1 gy LoD,
200,85 yliS gl

(SEM) (ouig; (395U 9wy o b (513 ouSis
Feoid ad sladonS oy ploblosiy) odaloie gl
o3l (a5l AXFOrd S =360) g, (9, ogSusg Sse
Gl S 59y 2 08 ey oS & Wiged I (o5 ke 03
Mb iz 51 S5E Y & g g A5 4LiliS oguineg)]
8 s Blwy g 4 ids B e 4 o yidg olSiwd )
sl 0w S e I oo ST 4 badsges i8S
5 2 ol baaigas 4 clyls 20 5kl b iy (olays,Sl
sol iy Ladigad ) 285y (39S glad olsl 1 o900

(Avsianti et al., 2011)

Sy lewl,

Dl (09 Jhde Cuand )8 Sliss i) lossly duole Caa
15 duole ) daly Gollae adgl gmadgal 3 ol Jlade 4 y34 5
Jizd 03 £5 [adg) (smmdsel 5> Szl 5 p)5) X100 (1)
Sy olesily = (39 5

W15 (33152 9 sl ) SiisS’ (o) 2
Foasd Sldgny deiwl (65 Gils) 0526 (y 2 sl
balpd 3 sy ool Glaley csdlgs @Y 2z o JguaS i)
a3 37 slod > oguan 3lp yeas jd Slad ol (gjlwaus
b 5820 100 550 o (i g9 4w 3 9 01,5 (s
Sy by Sl edlatul b Jae el 53 ool 3590 3130 .85 &9

029581 L Lagygsliwg PH 05 03,5 a5 (YU (2, illee
i Sy 5 (HOL) Syt 3t o UL
LB 0d30m cacler 24 Sto 4y 9 15 a5 35 alaii > (NaOH)
Ol 5 398 (oLt gmmwpeann> plod ans (sly g a5l Mol b

oA 03lazwl 03445

Ogemd 90 ks
L (2011) ol lSen o Humblet-Hua sy, 4 oomalgel ans
63 5 py5 0105 1l )5 oM jgbody 2 plosl il s Sl
bwg (U1 sl 0 o9y p)5 I b (0gasbiyrm352) sl
ey U (ol Digital electrical stirrer-Teb azma) ;e
g 9ol (A bglste aids 1 cose 4y aids )3 545 100
P YL byl 5l (mome [ Sj9) 3oy 2 gl ol jd i,
23 g gl B Slads st (o 5339) 20y 05 Jgloo
SlogSan bawgs szl (oalod (Sl aloyo 53 05 g dloye 93 (b
@ 48> ;0 595 13500 e puo b (LT KA =T50) uST,51 ]
SilweySan (o qgdm dlspe ,d b5 bylswe ail 90 e
S 55 MCXTE0 o) waolyd zlgel Wao olSiws S jl ay956
20 sl s gy 750 powl )lg5 b (1S5 50l Sonics& Material
id> 5 gol ) glyal Jlosl (loj el 035 IS4 ,mkS
H23)5 (iyaelp ol (gowl Gl 810> 53 g polia &0 d,
Slybl )3 5y Ol pglie (i3 b il B Job )5 ladiges (slod
Ay 45 ol o8 Blo 4355 20 e3gae 3 diges (gol> B)L
0955 Syl b (gadgel S 1oy (gjlsli ad
al> yo g 488> 45 e 4550 Xg gl dls yo tals yo 93 53 ygmnd gl
Lol o], 5 b 433 20 slod j> aids 1 oo 4y 750 xg 9>
[ S39)dmoy> 2 350 s s 5| ygmadgal Sl coles )3 g s
a2 L 065 s ol & Jols (gdgel ©I)S 5l ((gon>
2k g (s s e e b (g5 40Y) Yl S
Osedgel S o)loes 4 4 e (3958l (gl s ALl (3,5 4Y)

(1 JS2) 48,185 358 g,

g 32 4kl

Mini Spray ) slalsdl S Sis | b JgmsS 525 as Cax
OHle 8 SCid bylyd b edlatwl (uadew Buchi Dryer
Glon slos I3 5l ax,> 180 £10 (034,9 (clon (slod 35l 65
25 23STy9 3 ay s g 3,S Slo 45 90 £10 595
SLaydgy ccsby i Sl sl caa g akdy 0 g Lo
Pl U 5 e o (Setadly (ogh & ol o 45
a5 (S el 31y sam laginlej]



1396 T - o oo 43 al ool il 23138 @bus g pole Slesig} 4 pii DD

55,5 by basce I JgunS 5y U 0d 03 joue L ojlad yedly
1) el 6 pleipy) Sl 51 2 oo 080 L g e
2 e 20 5 oS5 (Voo 4 S0l 5,0 s )3 o)
LV NP Y| A B R PP pRe JE S REVHIER HE
oy (oSl g S 4y g AL Jglomo 4 Y50 4 S5 )0,18
9 J—&e (WPA  lightwave s2000 UV/VIS) (¢ yiogidg Sl
2 g ymeSo il egls 335 oo Jobo o o i lie

.(Rodrigues and Barros, 1997)

g9 Lod Jlasl ¢y .(Roth and Calmes, 1981) wis ags wollS 5
OhLSan g (oo by o o jlodend olSiwd Sl (o3 (A5
31 oalisl b pH walais 35,5 oalisil e 4l 5 o)L (1393)
pLotl i S g50m g Sopa )l dl Jloy 071 (gl Jslea
s Zandi (iagsy oluly g JseS i) & (Brae 3l Camd A5
Sla oS 1) 45 Sy ps (03,5 e (2013) o)) Ko
A oy il g blse 1 a4 s 4y Gl g0 00 0uiS1,
b aids o Sloj Jolsh 5o (il (65 aley Ll8g s oy sl
SIS ) g oas axiby wises 5 jnd e 1 e (5 5l oolisl

[ PH=3/5 )3 Lgws (555 gl o yssd Jolowe 13 1 e S 5 403 2 ]

|

[ 20 oy cails 90 o 4, 13500 rpm s (LuSTy551,5)) YL 595 532L590 ]

I

> [ 43,8345 e 4 o) Kl 42,5 20 clos ;550 XQ 560 ko ]—}

!

[ a8y 1 e 4y o Kl 42,5 20 (clos ;5 750 XQ 398 L ]_>

!

[ e9omiess ]

'

PH=3/5 5 (gam Jlome 13 p 5751 200y 2
gl slo bpd Jslowo b (95 Y) 236 Vb S gt a2 )3 b Sy M55 (0 5 Jsloee
(28 ) L3l bgws (g

'

( 455345 e 4,800 rpm ;5 050 ]

Al yad Sl L (2011) 1,02 g Humblet-Hua (g, 4 pab (Sl 31y sial 8 O ,lagld -1 IS

J_JsmLé:_wl3uoL@ —)_:ig.)92u39_§::a ‘1J9I 4> (o d

1 First order model
2 Higuchi

Siwdse
94y sy laJowS ) 5l Juwles pialay wyp slp
dbles Jolis u_eLm sl s 5! ‘QT ui;.{Lm) M)JU Osed



057wyl Jeil (3 53l Y Wiz S Jguns 31 ) Sloogas 5|

om0l 0sd 485 ey qie A Jayd o 63)Sas
sla b Jlio olgucas (Sagis et al., 2004) 53,5 -
ol 4 calbbe s o9 S0 10 Jobo il Ygane (sl SVl
695w omegdl 5l Jols (sla s yud (2002Veerman et al., )
5 (Veerman et al., 2003) o505 300 =100 Jobo o 55 oligS
5 Segl s Colbes cpiog)Se S b bigw (ymenlS slods pud
(Akkermans et al., 2008) siws olghd b asls <l

Olyd ol

b ogadgal (a5 S Shg (nyiee Sl oSy j16 S o5l
ol 2 JS5 4 g b lylab o3l Sl 39 ey AS 0
Oialidl g 39 yi0g,Sue 1101 5 5/64 o l)3 ) Dig 2) oS o>
sladasMe J LB 5 4l cxe pusd diges D ojlul 3 laayY dlass
5 Sagis 4 (2011) ,LSea 5 Humblet-Hua .(p>0/05) cusly
aS 10,8 lgie g bl cond golie s 4 (2008) )l Kea
b calises slaayY oliw b (ol JouuS 33y Agi (oUlgy it oyl
58 Gldllas 1D pow pe OMSUie oS (LS @)D ol lawgio
&P e ooy ol 03,5 @) ) Cgusy g Wi S dler
ST ygod Ladiges plos a8 db Lis b amdgol clyd o510l
9 55y lao ol (A JS3) 223 Jloyi igi 5 0392 4ilagS
(oo (555l) wlolus 4y (6355 (55! Yol 10l o Cuon] Plo a5
a00)S 35 cBlgSs jobay |y ouiSTyy 18 Uodgy YL (818 o3l &
e 3 005l 5 pligedgel CBLE LS K2y S8 ad
9 Sldgn JolS jobody LSt 5l any alioBM 1y clylad b 5gy (ga>
ol 2 anled S ol Ladl s (el 003 9 sl )
Do SlagS iz g Jloyi s S ojlul @i v g0

U5 Jamdliy

SUsii) by olhl ) e lr)ygS I (S b5 Jesly
2y Fde O (el e ) Jewily ojll o .l ol
a8 Ol Sty e 5 YL Seslialy Sl asdly dos
oanlie (4) IS5 5 a5 ok len (Fathi et al., 2013) 54 anlgs
3 B axY) (+) 30 s9a> 5l b il b5 g 298 o0
2 9 125 08 0)led b bigw (g dgil o yud (ui>
3 g 4Y) (7) 20 Loy b (2 )3 o iy el
iz a0l @50l & a3l oo (z9) Y b 0y e
slaiisly olawly cdlsw L L Laoylays ay ay a Y
Y Y Qi b () ol 5 il e Sy 2SI
JS5is pla JouS e sSae 5L b adls oy Solily xSl
e (Al L 0aiS (s gy (2l Y )b &S Kgd oo
.(McCIements et al., 2005; Decher et al., 2003) wib .

[(Dash et al., 2010)
C = Kt (2)
C = [1—-exp(-Kt)]x100 i)
C = Kt®® ()
C = Kt" (5)

ol Kt loj 5o 0a l] aabs o3le clale C Laslgy oyl 5o
soaioa BT el e (ol 4018 0aiS o N g (SiiS
2 s o odlitwl Gl caliste lapulSo 0905 et
oobl o ptalmy a3l O/45 5 jzaS )l e o 90
ool 2 3L 0189 51 155,50 51095 00 S (S8 295 unilSlo
L pailSo 93 o aib Hlade 93 pl o ST 5 IMS] paansilSe
RV YN

Wesls 5 lol Juloss 5 329
31 odel Cants SleMbl pwyy g baodly (glel 3JUT plosl (6l
Lagygojl als . oslizal Jo)g81 )b 5l cilisee (sla yiolojl
Ll jlano GBlonil g (il g 0 plogl 1S5 53 o Jolao
o > CLMB! o )b xo iy gl 4&13.)]9 U1 el oo
S ie o BNS s jolaiody o a5 48,5 IS, p< 0/05
plos 03,5 osliul SSIs (905l 5 el g 3IUT 5 e odlael
bl Sls3leys 5l oslizul b daosly (ol Julows g 355 Jolpe
)I oLl l_) Laoaly uu)l)g p&)).)._) OHgo (21 W) SPSS
Oygao (R2014 aoes) s Hl3le 5 (S8 a4y o a3l Y olas
] Stuan oy (6 So)Il Gl Jia e g <85

1 Sy B9 S0 g (Mg) (F9 5N DSy S
ol b oS St (IS (b Slasdd (A9 lad b
S &8 9 PH > (SYeb Gae 6 sl ety n Sl (3D
ool Cowds polas (Bolder et al., 2006) 595 o JuSuis b
Lo gy 4ol ol yud &S5 lis AFM 4 TEM
S oyl g 15)b eglb 10 B 1 o (eles (SPI)
Coogas S ey W DUl e 1L USS) conl cniie
95 6L Lo Shy Jg d9de e (mB9n Sl (o90e

3 Rigter- peppas
4 ANOVA
5 Correlation coefficient



1396 (T = o oylas 43wl ol (21 @liw 5 pale gleiimg’s 44 oas DB

A

7| Cursor Stick 1o Graph

AR7a

[

5410 e -~

T[] 5.254

N

Wyl (s b (C) (wing) (539581 g8y sSae 1905 (B)g (A) a5 41 031 (59,05 PgSuwg ySae (S22 9 5 Gmsdw yigliai -2 JSS
gw (g
17 =
A A
10 - A
A A
_~ 8 1
=
=l ® ®
z 6 L 3
2 . *
a s
2 -
(]
o a a (]
0 . . ; . K
1 2 3 4 5
Number of layers

@l s d (0.9) (A) 5 d (10) (0) 13 05151 b cpilie D (#) 0,153 & ¥ (539331, y2 51 sas W JguunS 32, 13 05151 - 35
hily oo o025 2 20,3 90 9 10 i i 4y



959 Ll p il (63 53l Y wizy sl JgmesS 1y Sluoguas 3!

Volume frequency (%)

Particle diamter (um)

—4—1-layer

2-layer
=i 3- layer
- |ayer

==5- layer

10 100 1000

s as¥ dlaxi U ouwd dupd 03U (sl ygamdgel 1,3 05101 &y 597 oo -4 JSUS

40 -

30

20

10 -

{-potential (mV)

10 -

=20 -

-30

Number of layers

051923 42 Y (539381 5L 5 il ax BJguaS 525 U5 Jaaily =5 JSuo

Cans ¥ dlass (501581 51 (5U o lasdy plSoctnl 4y yles oo 1) ol
o=l elg S v (2011) 4l Lsea s Humblet-Hua 3,55 .ol
005> 4 Jlod jiaS &Y ol b oo JaueS 52y 45 Cunl Cuuadly
4SS oy b s SLis las (55,0885 5 A
oy S g 55,5 S s &Y i by ol Jpu 1)
Al g oael Cowdty JgunS 3oy Sl o3l slos S Lads i
Gk oacel cndy slmoflil L (syee (5397 89 Sa
l_g as Ldg Cm.:Bls L)Jl o.\.uS.\.ub 9 il d,:UaJ by BTy UNS‘)J
LS (g b me Linli8l lyd ylad o)lesd slaayY sl iol58l

ol
&= 9 e sl iy Sligi glesh cud S5 L6
Y aw U Jgl sla g 32y 4 Canms (303 98 Lo y5) Y
ol ool i gy 033L (gl (o 455 32 o oledily)
5 Sy L ad) Jolod (65, plaslow Jds 4y Yoo

9y P9V oSy S

S5 g ol e lidesy) slaShy (i ly
ol | idizie laggdgel Ly oad 4 s JgunS )
sLiyg SEM yyglss -5 03zl (SEM) gy ogSang 5o
o 03,91 (B) JS=s > cidiste claaY shw b o Sl o,
S 0)lgd L JomsS ) 4 bgye) A JS5 50 o5 pghailen ol
48 Cowl (5oy5 Sy 0y gl 0)led 20 o saaline (4
Sid adgl Jolpe )3 Cagb) @y g9 4 plpe ) el ol e
Sla i U 0dgs wSotiue (BS ju8 &y 0)lg0d g 2 Capnd (40,8
2 JgeasS 0y ol )3 S Joo5 1) Cush) @y g9 5l (S50
o e0)lgd dlge b g 980 o)k Bl g (53,95 S g (il
Sge Blbl (alS” (iudsy U 0395 39290 (ygmuiliwgus 3 (AU )5
20,5 LSS At

&= 0)lsd b JouS i) B S8 sl JouS 3y & Jbb
ol &S adly (Sibye,8 g (50y0n Sy e Bl xlaw (Y



1396 T - 0 dojlois 43 al oyl 22138 @bus g pole Glesing}y 4 pis D60

Olli8l gl ime yobay sy ledily oled slaasY dluss
céb

Signal A = SE1 Date :10 Mar 2015
EHT = 20.00 kv WD= 11mm Photo No. = 324 Time :15:33:13

215 S oo Sy ) il 53 Gy bl 8 S

oo Ui o) bame (B 55l (AU plpear ]y &Y
OBl o iy i Jlesl a5 amd o LS oel Candey ol
Wilon (2B G5 Jlosl o sy o Jlai 0335 o0 ol sy
A8l 51y Jeil (63 g9y 03,5 Joe (5188 (5900 S
it 5 Jae! bl o9 1830 B g 35
Ol Gl cumwr el (ol 0l 55 o gnS ) 5l (B2
Sl ol gl ad oo laoro & odd Slbgyjy 0dlo L]
b g phe ol Coyw lie g g 2015 56 )y
OhlSen o Zandi .ol oas (5l o Kimgh 5l (S bws
4S Wdged ,yl35 (2000) Van Ruth and Roozen 4 (2013)
ey G5l s 00 (gilusdnd (g2 Snld (il g sl

33,5 o oS g So5lo o 5 s sl

ol gkl

Lo 52 3l deiwlisd (ol pusilSe (o) pslaiods
20,8 il Giley o0 glaesly 4 calisee  (SilS sla Jae
Sodl> (595 odlil )50 (slaJae bl 5l Jols slayiel)ly
i odel Cansds gl ol 0103, 4o (L Jghis > il
drog (nye (o2b) el R (SeS Jae &5 am e
S i yg) ool oSy ) Jiulcss ielay sl )
0/94 (Yl Juo cnl b o tglys oles 3 Juols (Stson
Do

Y &y JowS 3, (B) sy S5 S 325 (A) s, (559,750 g5y Sn y23las -6 Jsu

aso g 41y 8 LS 5 by (58 A b G g daud 0 ol
Ol L )l (g aS Slias iy Gledsly liae dmes §3 g D4 0

Signal A = SE1 Date :10 Mar 2015

EHT =20.00 kV WD = 11mm Photo No. = 326 Time :15:37:43

Y w5 U S gladas )y 5l diwlsd pialey L n
ol oa ool s (5) UK jo ialey oylej 5l (b lgiea
dls o sy slaws (]38l b 2 o odnliie oS jglailen
Jelies plaley plej yiShie 5 <l als Jowdod iuls,
aS codl ily ol e 31 ja bay ayY ol 5l ol laisa
o)lad sladsY sliws 3938l b a8 5,8 bl ais8 pl oles o
S @ g ]y oad (Sl odle ialay (JgmaS )
20 3 il 2l (o (s3ludlil odas muilSe g3 48 sl ]
oadh piie OLLIS b ol ol s oo &) @Y W sl JgusS
odsl [(Jafari et al., 2008) 5,y JolS™ 5Ll pdie y3lo lawgs
sbaghow g i gle jload Gligp, odle g9 puslse
o3l |y o (3l 03lo Gl (ol (o> § JsaS 305 oy
@ oiley g Miboe JouaS i) dg e 51 398 munlSa ]
4 (355 e 4l b Loiil ialmy leie coos 4S) asl
a9y cpl 53l (St b JguS o) dibwgy 9 o sa Sy
e o Y S oS iy Glaley Llgn 53 39290 4yl
g Caaled ialial s 4 Ylaas! ol cpl .l jit Y g
Orire 5 49Y @iy JoS ) Clpds g b SuSs Jals
ey il el &S 039 ol g3 GlLbI oo (20 e
ol dsdie Y G & Cos Y gy ladgunS 3 5l o Ll
I) o)IH) d)).l_).}9m 9 uu.)l_{b) C;L_.ow &S J\AS‘:O wl) @Lu
Humblet-Hua etal.,) 5,8 8 o)l slaa¥ shwi b olys oo
(2011

6 Burst-release phenomenon



961 sty il (3 53l Y wiz 5o JgmusS 32y Sloguas 3!

100 -
90 -
80 -
70 - - —se—
60 -
50 -
40 -
30 -
20 -

iy oo 1 b g ¥ gmis U oSy s gm0 51 il (83 ey alig g =7 JSud

Diacetyle release (%)

80

70

>

60 °

50

40

4

30

20 { A

@Y 3 JguaSi, 5l il (65 Glaly By 2 (02 5,516 -8 S

Diacetyle release (%)

S B JgunS 5y 81 (2509 Tl Witke S Jo (45159 51 ol Joe (sl el by -1 Jgua

o dayd S da ) B e Ay
K R K R K R K n R2  a¥ slasi U JounS 32,
10/90 0/69 0/278 0/72 29/37 0/86 59/51 0/086 0/98 1
10/97 0/75 0/264 0/77 29/30 0/91 52/61 0/159 0/99 2
119 0/50 0/265 0/84 29/64 0/82 47/02 0/232 0/99 3
10/87 0/63 0/233 0/77 28/54 0/93 39/23 0/317 0/99 4
10/98  0/49 0/225 0/91 28/49 0/91 32/78 0/419 0/98 5
& 1S5 5985 ulSa ol il o8 ol (o oimd it Oml by e pd & 29 Hho > Jhe o Jde

cobale ay ataly Juolied Sl & cosl ol snad L Jae
9352 0145 51 1208 Lo Js S 3oy sl M 2ol oljee - 23b oo

7 Fickian diffusional



1396 T - o ojlods 43 al ool il 23188 @bus g pole Glesig} 4 pii D02

ol g Jlasl b ey o i) & w35Silan 2 Jgi> 4 2255 L
Ol 2y Iy Ral81 3985 c p claley baume 3 (o S
L8 555 S plyieds oy G 5 o &0 Vel 281
Lo 50y 5l (B (b 015 Jlesl (b (nl 2 09Mle i,
4 Jeiwlien HLisl e Gialil s i )3 g 0dd o 55
Ol 32 Os 3l U lp (el @l 9o b Lame
o2 ()35 ldixe | (B bawg el g e iula sy
Wilson 4 Brown ;s 4 (2000) Roozen 4 Van Ruth .c.l
it g 3ubd Il g Jlesl o 23505 3)l55 (1996)
oSl jlpb g plae Gl Cop Glalidl cow 00

23,5 o 048 dgunS

Jezled 3lodlil )3 e pulSe plsicar iale) 55 ol odb
.(Chakeraborti et al., 2011) 1L, o o JguuS 32, 5l

Jie 313938 Gy 8 sl 1 L3 5 S S jshailen
Iy 3985 oy Hlaio (5 aloles) i o3litl b 35 31 0ol
cos Y aty slapS ) 5l ditles haley w18 ol
ol oad odly L5 2 Jgas p> calise by (sopw Lalyd
o)lad (glad Y ol sl d oy D5 i o odnliio 45 jolail on
x> A5 W) (ka8 i pd il oo LRI S 1)
Dad o Jetwl 6> Gialay Caeyu ialS sl

Ay s oy atogy ol Gl s 4 Vil ol ol
sl a8 asl o baatugy GLbI oS idsy ceimen o 4
De-dise @Y Wz sl JgenS i)l ditelsd izl sy (alS

il 2 (695 53 MY W JgwaS 32, 5l sl (63 ey (6l (0 3ude85 o -2 Jgua

oY a¥ ks aVaw ¥ g ¥ sy L S sl ol dlas
(46 wgsao)  JgunsS3, 0 192
0/012x10°%  0/047x107**  0/098x10°%3  0/156x10°°  0/206x10°% 0
Y80S UTAA0E 19310 2/249x10  2/260x10° 50 S 2Pl gy
4/123x10°%°  4/854x1071*  5/352x10°%3  5/861x107° 6/451x10° 100
JolS iy Jods a ol nl &8 28l oo Y S b gunS ) AR

Ll ge Va2 JguasS o) Ay Canlusd Gl g lading L
aVaz S ) 5l Jetlesd HLisl csp il oLy oS
Sl wlen piulay vl (wyp jataied g b o
sloodh 1 ool (SaiS glaJie ¥ dix sy oS5,
3 ey 45 b oL Juols b5 S ailp el (228
Olamsds &Sl 03b #3985 Ko (bl o JomsS 5y oy
aJgldlyo a8 Sloul e Giala, a0l cpl > LI punslSe
» S5 bgusS ) cpl il (Shod Cobl JpunS i) ad

il dzib 2,87 oo Blial b Slie Y sase

Pl bl U g ool (g l)) jglateas img eyl

b plosl e o guaS ) 29 Sl (inie e
Aol g (Shaslg—e Jl an¥ am 4Y ST Aoy b gueS 32
A Ui gls a8 g5 Sy 9 Ligw (B9 Al Jped Cead
iz glaa¥ ol b olo JouwaS 3y e (oUles wimw oy
2 pawye OMS e 48 )b 1) LSSy @lyd ojla] lawgie  Jg
Ly el 93,5 gy 1y oy 5 40590 iS5 e J i lallao
oadl el fawles Gilay sy cud ayY dlias iuliél
IS Ve slaJyS ) 5l Juiwles pials) co

&l

Ai, H., Jones, S. A., & Lvov, Y. M. (2003). Biomedical applications of electrostatic layer-by-layer nano-assembly of
polymers, enzymes, and nanoparticles. Cell Biochemistry and Biophysics, 39: 23-43.

Akkermans, C., Van der Goot, A. J., Venema, P., Van der Linden, E., & Boom, R. M. (2008). Formation of fibrillar
whey protein aggregates: influence of heat and shear treatment, and resulting rheology. Food Hydrocolloids, 22:

1315-1325.

Avrsianti, Y., Hui, zZh., Sagis, L. (2011). Multilayer microcapsules based on supramolecular structures produced from
bovine serum albumin and high methoxy pectin. 11th International Congress on Engineering and Food - Athens,

Greece, 29-30.

Brown, W. E., and Wilson, C. E. 1996. Individuality of flavour perceptions - the influence of mastication patterns. In
Flavour science recent developments (pp. 451-455). Cambridge: The Royal Society of Chemistry.

Bucking, M., Haugen J.E., and Steinhart, H. 2003. Flavour Research at the Dawn of the Twenty-First Century.
Proceedings of the 10th Weurman Flavour Research Symposium, (pp. 528-531). Beaune, France.



563 arly il (50 g9l 4Y wiz s JgmnsS 3y Slogad 5

Bolder, S.G.; Hendrickx, H.; Sagis, L.M.C.; Van der Linden, E. (2006). Fibril assemblies in aqueous whey protein
mixtures. Journal of Agricultural and Food Chemistry, 54: 4229-4234.

Chakraborty, M., Dasgupta, S., Soundrapandian, C., Chakraborty, J., Ghosh, S., Mitra, M. K., & Basu, D. (2011).
Methotrexate intercalated ZnAl-layered double hydroxide. Journal of Solid State Chemistry, 184, 24392445,

Dash, S., Murthy, P.N., Nath, L., Chowdhury, P., 2010. Kinetic modeling on drug release from controlled drug delivery
systems. Acta Pol Pharm 67, 217-223.

Decher, G., Hong, J. D., & Schmitt, J. (1992). Buildup of ultrathin multilayer films by a self-assembly process: IIl.
Consecutively alternating adsorption of anionic and cationic polyelectrolytes on charged surfaces. Thin Solid Films,
210-211(Part 2), 831-835.

Decher, G. (2003). Multilayer thin films: sequential assembly of nanocomposite materials. In G. Decher, & J. B.
Schlenoff (Eds.) (pp. 1e46). Weinheim, Germany: Wiley-VCH.

Fathi, M., Mirlohi, Maryam., Varshosaz, Jaleh., & Madani Golnoosh. (2013). Nowvel Caffeic Acid Nanocarrier:
Production, Characterization, and Release Modeling. Journal of Nanomaterials , 434632: 1-9.

Gunning, Y. M., Gunning, P. A., Kemsley, E. K., Parker, R., Ring S. G., Wilson, R. H., and Blake, A. 1999. Factors
Affecting the Release of Flavor Encapsulated in Carbohydrate Matrixes. Journal of Agricultural and Food
Chemistry, 47, 5198-5205.

Humblet-Hua, K.N.P., Scheltens, G., van der Linden, E., Sagis, L.M.C. (2011). Encapsulation systems based on
ovalbumin fibrils and high methoxyl pectin. Food Hydrocolloids, 25: 569-576.

Madene, A., Jacquot, M., Scher, J., Desobry, S. and 2006. Flavour encapsulation and controlled release — a review.
International Journal of Food Science and Technology , 41, 1-21.

Mauser, T., Déjugnat, C., & Sukhorukov, G. B. (2006). Balance of hydrophobic and electrostatic forces in the pH
response of weak polyelectrolyte capsules. The Journal of Physical Chemistry B, 110(41): 20246-20253.

McClements, D.J. (2005). Theoretical analysis of factors affecting the formation and stability of multilayered colloidal
dispersions. Langmuir, 21(21): 9777-9785.

Morris, E. R., Gidley, M. J., Murray, E. J., Powell, D. A., & Rees, D. A. (1980). Characterization of pectin gelation
under conditions of low water activity, by circular dichroism, competitive inhibition and mechanical properties.
International Journal of Biological Macromolecules, 2: 327-330.

Nesterenko, A., Alric, 1., Silvestre, F., Durrieu, V. (2012). Influence of soy protein's structural modifications on their
microencapsulation properties: a-Tocopherol microparticle preparation. Food Research International, 48:387-396.

Nedovic, V., Kalusevic, A., Manojlovic, V., Levic, S., and Bugarski, B. 2011. An overview of encapsulation
technologies for food applications. Procedia Food Science, 1, 1806-1815.

Nishinari, K., Fang.Y., Guo. S., Phillips, G.O. (2014). Soy proteins: A review on composition, aggregation and
emulsification. Food Hydrocolloids, 39: 301-318.

Peyratout, C. S., & Dahne, L. (2004). Tailor-made polyelectrolyte microcapsules: from multilayers to smart containers.
Angewandte Chemie International Edition, 43(29): 3762-3783.

Roth, G. I. and Calmes, R. 1981. Oral Biology. St. Louis: The CV Crosby Co.

Rodrigues J. A., and Barros, A. A. 1997. Determination of diacetyl in beer using differential-pulse polarography.
Journal of the Institute of Brewing, 103, 311-314.

Sagis, L.M.C., Veerman, C., & Van der Linden, E. (2004). Mesoscopic Properties of semiflexible Amyloid Fibrils.
Langmuir, 20: 924-927.

Sagis, L.M.C., De Ruiter, R., Rossier-Miranda, F.J., De Ruiter, J., Schroen, K., Van Aelst, A.C., Kieft, H., Boom, R.,
Van der Linden, E. (2008). Polymer Microcapsules with a Fiber-Reinforced Nanocomposite Shell. Langmuir,
24:1608-1612.

Sriamornsak, P. (2003). Chemistry of pectin and its pharmaceutical uses: a review. Silpakorn University International
Journal, 3: 206-228.

Van Ruth, S. M., and Roozen, J. P. 2000. Influence of mastication and saliva on aroma release in a model mouth
system. Food Chemistry, 71, 339-345.

Veerman, C.; Ruis, H.; Sagis, L.M.C.; Van der Linden, E. (2002). Effect of electrostatic interactions on the percolation
concentration of fibrillar -lactoglobulin gels. Biomacromolecules, 3: 869-873.

Veerman, C.; Baptist, H.; Sagis, L.M.C.; Van der Linden, E. (2003). A new multistep Ca2+-induced cold gelation
process for B-lactoglobulin. Journal of Agricultural and Food Chemistry, 51: 3880-3885.

Wang, C., Ye, S., Sun, Q., He, C., Ye, W,, Liu, X., et al. (2008). Microcapsules for controlled release fabricated via
layer-by-layer self-assembly of polyelectrolytes. Journal of Experimental Nanoscience, 3(2): 133-145.

Yow, H. N., & Routh, A. F. (2006). Formation of liquid coreepolymer shell microcapsules. Soft Matter, 2: 940-949.

Zandi, M., Mohebbi, M., Varidi, M., and Ramezanian, N. 2013. Evaluation of diacetyl encapsulated alginate-whey
protein microspheres release kinetics and mechanism at simulated mouth conditions. Food Research International
journal.



Iranian Food Science and Technology ) . T o .
Research Journal | olnl il3é gbuo g pole ltupgfy 4 5
Vol. 13, No. 4, Oct- Nov 2017, p. 553-565 P it 553-565 . 1396 ;LT - 0 & oo 13 ul>

Investigation of multilayer microcapsules based on electrostatic adsorption of
soy protein isolated fibrils and high methoxyl pectin containing diacetyl

E. Ansarifar', F. Shahidi?*, M. Mohebbi?, A. Koocheki®, N. Ramazanian*

Received: 2016.05.01
Accepted: 2016.08.06

Introduction: Microencapsulation has become an important technique in the food industry. One of the

methods of producing microcapsules is to use layer-by-layer adsorption, in which oppositely charged
polyelectrolytes are adsorbed consecutively onto a colloidal template. Creating multilayer films based on
electrostatic interactions between oppositely charged components was introduced in 1991 by Decher et al. Layer-
by-layer (LbL) polyelectrolyte deposition has become a popular technique for preparing polyelectrolyte capsules
because of its ability to create highly tailored capsule shells through a simple, inexpensive and easily controllable
adsorption process. It has been applied to produce capsules of various sizes, ranging from the nanometer to
micrometer scale, with well-defined barrier properties. In this technique, assembly is driven by the electrostatic
attraction of oppositely charged materials to form polyelectrolyte shells. The structure of the polyion layered
capsule shell is determined mainly by the electrostatic interactions between the polyions used. The mechanical
strength and permeability of the capsules can be controlled by varying the number of layers or by changing the
characteristics of the encapsulating materials. The purpose of this study was to produce microcapsules using
supramolecular assemblies consisting of common food ingredients such as soy protein isolate (SPI) and high
methoxyl (HM) pectin. Moreover, some features of the developed microcapsulation were studied.

Materials and methods: SPI fibrils were prepared based on the method developed by Akkermans et al.,
(2008) and its morphology was studied using transmission electron microscopy (TEM) and atomic force
microscopy (AFM). 0.5% (w/w) SPI fibril and pectin solutions were prepared by mixing at pH 3.5 were left
stirring overnight. The LbL process for the production of microcapsules with protein fibril-reinforced
nanocomposite shells has been described in Humblet-Hua et al., 2012. It starts with the production of A 2% w/w
emulsion of (0.05 gr diacetyl in 1.95gr sun flower oil) in fibril SPI solution is produced using a homogenizer
with a rotor-stator dispersion tool using a setting of 13500 rpm for 90 S. Because the proteins are below their
isoelectic point, the emulsion droplets have a positive charge. To avoid interactions between the nonadsorbed
SPI and the biopolymer of the next layer, the droplets are separated from the serum by means of centrifugation.
After the isolation, the droplets are dispersed into a solution of HMP. The HMP is negatively charged at the
chosen pH of 3.5. The bilayered droplets can be isolated again and dispersed in a fibril solution to deposit a third
layer of a positively charged mixture of SPI fibrils. Subsequently, additional layers of HMP and SPI fibrils can
be deposited by repeating the same procedures. Some features of the microcapsulation, including size, zeta
potential, and morphology and release kinetics were studied.

Results & discussion: TEM and AFM micrographs showed that SPI fibrils obtained had a contour length of
a few hundred nanometers, thickness of between 1 and 10 nm and its structure is highly branched. One of the
most common problems reported in previous studies using the LbL technique to produce multilayer particles, is
the tendency for flocculation. In the present system, this problem was not observed. The size distribution of
isolated emulsion droplets (templates) did not change significantly from 1-layer droplets to 5-layer droplets. In
other words, the emulsion droplets were stable against flocculation after applying more layers of
polyelectrolytes. The Sauter mean diameters D (3, 2) of these droplets fluctuated between 5 and 7 um and
slightly increased as the number of layers increased; noting that the emulsion droplets were poly-dispersed.
Another possible problem that may occur using the LbL technique is the complex formation between non-
adsorbed protein and the pectin molecules. These complexes with a typical diameter smaller than 1 mm were not
detected here. Result showed that the zeta potential distribution of emulsion droplets reverses from about plus
(+) 30 mV (odd number of layers with SPI fibrils as outer layers) to about negative (-) 20 mV (even number of
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layers with HMP as outer layers) confirming the layer-by-layer adsorption based on electrostatic attraction.
Comparing SEM of microcapsules with various numbers of layers, an improvement in shell strength can be seen.
Indentation is observed on 1-layer microcapsules showing that there are defects on the shell. They could be
formed during the drying process or they are shell defects due to incomplete coverage of materials, meaning
more layers are needed to fully cover the microcapsule shell. These defects are seen less on 5-layer
microcapsules. These observations indicate that the more layers the more consistent the shells and the more
resistant. It is against the physical drying process. Results showed that the time of the maximum in release shifts
to higher values as the number of layers of the capsules increased. We clearly see that increasing the number of
layers in the shell of the capsules leads to a delay of the release of diacetyl and maximum release time as a
function of the number of layers is increasing steadily which show the release can be delayed even more by
adding additional layers. These results prove that the release properties of the multilayer capsules can be tuned
by controlling the number of layers in the shell of the capsules. The modeling results of four different kinetic
models are indicated that the Rigter—Peppas was an appropriate model for diacetyl release prediction from
multilayer microcapsulation. It could be attributed that the release mechanism is mostly governed by the
Swelling—Fickian mechanism.

Conclusion: In this study, the microcapsules were produced using the LbL technique and food-grade SPI
fibrils and HMP. The microcapsules had a poly-disperse size distribution. No flocculation of microcapsules
during applying of additional layers was observed. It was found that increasing the number of layers, decreases
the release rate of diacetyl. The diacetyl release data were Kinetically evaluated by zero-order, first-order,
Higuchi, and Rigter—Peppas models and the results showed that the release phenomena is mostly governed by
the Fickian mechanism. Since the materials are food-grade, the applications of these microcapsules can include
food products or pharmaceutical purposes.
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