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Abstract

The aim of this research was to investigate the potential application of casein phospho-
peptide (CPP)/chitosan oligosaccharide (CSO) nanocomplexes to dairy foods. The physical
stability of CPP/CSO nanocomplexes during storage in model dairy foods including milk
and yogurt was assessed by measuring the size and polydispersity index of the nanocom-
plexes. Encapsulation efficiency and in vitro vitamin D release from CPP/CSO nanocomplexes
during gastrointestinal digestion were determined using HPLC. CPP/CSO nanocomplexes
with increased CPP concentrations and decreased pH displayed significantly increased
average particle size. During storage in model dairy foods, CPP/CSO nanocomplexes pre-
pared with lower CPP concentrations and raised pH exhibited excellent physical stability.
Vitamin D encapsulation efficiency increased significantly (p<0.05) as CPP concentration
and/or pH decreased. Less than 3% vitamin D were released under gastric digestion
conditions in vitro, while 91% of encapsulated vitamin D was released by 2 h of incubation
under intestinal conditions, indicating that CPP/CSO nanocomplexes could effectively
protect vitamin D from gastric conditions for delivery to the intestines. In conclusion,
CPP/CSO nanocomplexes can be applied to dairy foods as an effective vitamin D delivery
system.

Keywords

casein phosphopeptide, chitosan oligosaccharide, nanocomplex, dairy food application, in
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SEuER= 20179 ofw] Ao HQYsHlal, 2025900 A tehE] LRIQ1+E F/gB|z}
20%7} dojrls Aol Qe AoR o= ltHll 5ol BAEAR A0 dEd
St 1 6541 ol ARl Zw MRS WEAHEFR iRl 82% SEolth & 7RI V)&
AN = de S5 SN]SR HEA=A food-grade biopolymer?l 7HAIQIEA I
E]=(casein phosphopeptide, CPP)} 71E-&2| 11{chitosan oligosaccharide, CSO)< ©]-&-35}
of 9F 187-280 nm Z7|& AHe Y EFAE 52422 AXsIHH2]. 12y CPP/CSO Y
= EAE 3Rt food-grade W AGA|Y fA1F A8 2 A& 249 A0 U Ag
E/500 3t At v BE3 Aotk
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£ AFoxe AW 2w &5 S Fisb] Yo 7180 e S5 SHEIF vt 4
%1 CPP[3,419} CSO5IE ARgate] Alxgh Ui E3H4| Yol vjetd] DE ZHstaA} shglct. #1849
AEGEAR] e DE AW Zads 288, o 47 31 9 g ool &t
Ue TEEOF thREL AA o] sf mRofA] =T, Fehele] £=35t wlE] D 4
o= QI 4] = H3A FEE HERl DE AFeka 3itH6,7). 12yt HIE] DE 23t e
SHELLS FAETHAR © A} 8T HiollA &, Akk, & 5ol E=o] 44 E4go] &4
HrH8). webA] vEl DE S3F o myste] A Y= QbdsHA YT 4= 9= Food-grade
W HgA| 7ido] Hasgh AXolrt. maba £ o] B2 29 Alx 374 2219l CPP 5k
4 pHE Z&sto] A %3k CPP/CSO9] WieEadA9] f241% A8 & A 717t 52t 214 oY
‘d& Bk, A5 82191 CPP 5%t pHoll W Wi Eok4 W vlely] DO 2 383
245, A= vEl D YT W in vitro releaseE F7F5H= Aot}

Mz 3 g
1. Mor

CPP% FrieslandCampina(Netherlands)ollA], CSO Amicogen(Korea)ollA] AlgHo}l AL
s3Itk BIEM Ds(cholecalciferol)= Sigma-Aldrich(USA)OlA -4 sHCh.

2. L SgiAC RAIE HEY 37

CPP/CSO Wiz EdAle £ A4d9] 7|2 a5 #HQl modified ionic gelation ¥ [2]0]
w2t ARty Ui B9 fA1E A8/ B7FE flsl CPPY AT 5%+ 0.1, 0.2, =
0.3%w/v)Z, pHE 5.5 E= 652 2Fsto] Y EFAE AXS & %@Zﬂ}-ﬂ(ﬂ}looo
Tokyo Rikakikai, Japan)& ©l&sto] S2AXsIY}E I o B e Y EFAE
mg/mL == model milk(pH 6.7) T+ model yogurt(pH 4.6)°) EAFA]Z] & 4TojlA] 12017 t
AASPAA Ui ESHA9] AR 7 (particle size)@t TREARA|G(polydispersity index) & P=i
A7)(particle size analyzer(Zetasizer Nano-ZS, Malvern, UK)& &435to] 4% U &34

S B7FFAHI).

N

3. L SsiAQ| HIEfRI D 2H &8 Ft

CPP/CSO Y E3A|9] Zw e Siste 18 vletdl DO 2 &&-2 high performance
liquid chromatography(HPLC, 1290 Infinity II LC, Agilent Technologies, USA)E ©o]-&35}o]
B715FAcH10]. 23 &-8{encapsulation efficiency, EE) B71& 3f| ¥]eF D; g7 CPP/CSO
LHF— EFAE 10,000 gollA 3081 AlEelste] Asde] 2R o2 HER] D& 343t
& nylon syringe filter2 oJ38F & 20 uLE reverse phase C18 Column(3.5 um, 150x4.6
mm)°] FY5tAT}. o5 mobile phase)2 acetonitrile/methanol £31(90:10)S ARSI
o S&(flow rate)y2 1.0 mL/min, 7% I Hdetection wavelength)2 265 nmz A5
t}. CPP/CSO Y E3HA W vlEfdl D;9] EF 882 o9 Al ue} ARXFIITHI1].

(Total amount of vitamin D - vitamin D in supernatant)
EE(%) = x 100
(Total amount of vitamin D)
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4. H[E}2I DO| jn vitro release W7}

CPP/CSO Wi EeHAlofl 2 BlEkl DO o1 W 27049 release= Chévarri[12]9F
Garcia-Sartal et al.[13]9] in vitro digestion W& AF&so] H7lelH. l(stomach)e} 2%
(small intestine)oll419] release H7FE 3l simulated gastric juice(SGJ)2} simulated intes-
tinal juice(SIJ)& 4[5} SGJ+ 55490 0.9%(w/v) NaCl#} 0.3%(w/v) pepsing 894171
T pHE 2.002 z4sto] FH[6IY, Sl 55772 pHE 7.58 XEst] F4519.2H, SGJ2t
SIJ % 0.45 um syringe filter(Polyethersulfone, HYUNDAI Micro., Korea)& o}t the
Ui B3R419} 9:1 Bl&2 Solgitt. I3 oh SGJ/We B3| S8kE3) S/ Ui B3 23E
< 37CoNA 3087 1208 52t 47 viFotHA] release == HIERI DO] & HPLCE °l-851
7155,

5. 34 24

Az 374 2(CPP 5= % pH) 9 A% 717t W& CPP/CSO Hie H3A19] 415 A8
oA} viEH DO EH A& Y /n vitro release™ SAS software package(Version 9.1, SAS
Institute, USAYE AMESto] EASH o, e AFS 3H HHEolo] Hi+ BEHEAE YERY QI
Ui EB3HA|9] Al237g3 A 717l WE 2214 QP82 repeated measures analysis of
variance(ANOVA)Z EA5}e]et. T3t Al257 8210 whE CPP/CSO Hie H3HA| Wi el D
23 88 9 2% vel D9 n vitro release= YPEAREA (one-way ANOVAYS: E3 24
ST, PYPEAEA ] HARE AJo] 5942 Fisherd] #|4-F-2*Kleast significant difference,
LSD) Ho= 5% §2(p<0.05)004 HA o3It

Z0} »

1. L= SERe] RAF H8Y A+

1) Model milk

AZFA 8219l CPP % % pHoll W2 CPP/CSO Wi E3H49] SAIE A8ALS =AA%E
Ui B3E model milk(Figs. 1 and 2)2F model yogurt(Figs. 3 and 4)°] Z-& % 4
129 A% 717t B9 Wi B3A19] 7] 9 oA 238 B9l B7FRth 94 model milk
oA A% 717Fs2t CPP == WE U E31A9] 37]1E repeated-measures ANOVAZ 24
3 A7}, CPP %%(p<0.0001)2F A% 717Hp<0.0001)°l1= #-94 2jo]7} Q= v, CPP =9}
A% 713 7 A58 (p=0.0987)l1= o4 FFE vIAA] 9ktHFig. 1A). CPP &% 0.2%,
0.3%, 0.4%(w/v)& AZg Ui B A% 092 22 178.0, 227.2, 410.6 nmoJA A%
129300 242 234.6, 243.8, 498.6 nmZ F717F 2| 1.3817k4] 715kt Model milkoflAl
A7 717 B3t CPP B0l I Ui B39 chAlx|s=E CPP 5%(p=0.0005), A% 717Hp=
0.0024) ¥ ol& 7t A54-8(p=0.0006) ZF 5242 FFS TS & 4 AHFig. 1B). 1
% CPP &% 0.2%w/v)Z A2e Yo B9 49 12970 A% 717F 59 theiA]4= 0.3
ol5te] #U3t Y=[14]15 7HAtt °1= 3] model milk oA 200 nm Z4He] 22 9719} #Y
o Y= BEE YEhl= CPP 5% 0.2%w/v)olA] Alxe Ui BA7 7P 22 3418 284
S AYE 2AUS & 5+ A9

F, O F8 AR 37489091 pHol B i B9A|2] model milk W 284 B7F dik=
Fig. 291 A=A 1 23}, pH(p=0.0001), A% 7IZHp<0.0001) € o5 7+ 4S5&H8(p<
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“0- 0.2%CPP (Treat : p<0.0001 -0~ 0.2% CPP [Treat : p-0.0005
A - (.3%CPP |Time : p<0.0001 B = 0.3% CPP |Time : p=0.0024
600, & 0.4%cpp [IreatxTime: p=0.0987 oo 8 0.4% CPP Treat x Time : p=0.0006
- V.
C < 0.8-
£ 400 s
& £ 0.6
'-5 300- :_;
= 200 o—._—::"""___—P. £ 04 =
5 £ S |
A 100+ S 0.2 ———0
B
o T T T T 0.0 T T T r
0 4 3 12 0 4 8 12
Storage time (days) Storage time (days)

Fig. 1. Effects of casein phosphopeptide (CPP) concentration level on the size (A) and polydispersity
index value (B) of CPP/chitosan oligosaccharide (CSO) nano complexes during storages in model
milk at 4C for 12 days. CPP/CSO nano complexes were prepared with 0.2 (O), 0.3 (M), or 0.4%
(A) (wlv) CPP solution and 0.003% (w/v) CSO solution at pH 6.5. The error bars on each point
indicate the standard deviations of three replicates. Significant effects of CPP concentration level
over time were determined by using repeated-measures ANOVA. Time, storage time in days; treat,
CPP concentration level; timextreat, interaction between time and treat; ANOVA, analysis of variance.

A o pHss |Treat:p=0.0001 B 55 |Treat:p=0.0012
P < [ime : p<0.0001 O PHSS e - p-0.0007
6007 ~# PHES | Treat x Time : p<0.0001 L0q % pPHG6S  |Treat x Time : p=0.0087

4
-
1

Particle size (
w
=
(=]

I
Polydispersity index
=3 =
e a
1 1

2004 2
100 0.21
0 T T T T 0.0 T T T T
0 4 8 12 0 4 8 12
Storage time (days) Storage time (days)

Fig. 2. Effects of pH on the size (A) and polydispersity index value (B) of casein phosphopeptide
(CPP)/chitosan oligosaccharide (CSO) nano complexes during storages in model milk at 4C for
12 days. CPP/CSO nano complexes were prepared with 0.2% (w/v) CPP solution and 0.003% (w/v)
CSO solution at pH 5.5 (O) or 6.5 (M). The error bars on each point indicate the standard
deviations of three replicates. Significant effects of CPP concentration level over time were determined
by using repeated-measures ANOVA. Time, storage time in days; treat, CPP concentration level;
timextreat, interaction between time and treat; ANOVA, analysis of variance.

0.0001) =5 =k 27100 F42 P A= 2 & 4 AU pH 5.59} 65904 AlxH
W B3A1E A 094kl 22 178.0 2 217.6 nmellA A% 713to] 715t wet AAF S71st
of A% 1294 242} 234.6 E 339.4 nm 3715 7M. pH 2 A% 7|7kl w2 o244
Z74 43}, pH(p=0.0012), A% 717Kp=0.0007) 4 °l5 3t F52-8(p=0.0087) H5F THEAMA|S

| -FofAQl e vt 53] pH 5.5904 A2 Uri BaA9] A9 A 129401 0.3179
CHEAASE Uehd Bhe, pH 6,501 A2 the BRI A7 1284w SHEARIS: 0,236
Z U 4= XS R A2 SRSk ﬁl—}’“i model milkellA 7F w2 A

o T

A e B3] Az B4 2L CPP BEE 0.2%(wA), pHE 6592 & % St
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2) Model yogurt

Fig. 32 CPP 5= 9 A% 71710 2 model yogurt W CPP/CSO Wi E3HA9] J2k=27]9k
CREARRISE YeRditt Q7 32719] 39, CPP BEE 59391 3K p<0.0001) v|x|+= Hhd,
1% 717Hp=0.7786) & CPP &=}t A% 717t 7 A5 28(p=0.2405)2 41 e HA|A]
%S & 5= AUSNTHFig. 3A). TS TREARAIS=9] ¢, CPP 5%(p<0.0001) ¥ CPP 5=t A%t

717 7 35 28(p=0.0294) F A0 FFS VA= v, A% 717Hp=0.1171)2 42491 o
TS 1|7 U9ItHFig. 3B). E3] CPP B% 0.2%(w/v)olA AzxE U 23419 A2 model

yogurtollA] 1297+ A7 Zol| = 200 nm ] A2 F719F th4tAS> 0.3 ofste] #Uet Ak
HEE FASHL Qo] 7FE =2 FAE A4S Ad AR 38 24AUES FRIsioith

pH % A% 717to]l W2 model yogurt W CPP/CSO Wie E5kAd|9] A&}t 2719} hEAA |4
Fig. 49 YEFNIT}. Repeated-measures ANOVAZ HBA45F Al pH(p=0.0012), *17 717t
(p£0.0001) % oIE 7t 3 2RE(p=0.0040) EF YA 2710 FoAQ1 FFS HIHTHFig. 4A).
pH 5.5914 AlzE Ve 53A419] 3¢ A% 09Ak] 251.00014 A 1294} 368.2 nm=E 7]
7} oF 1,582 IA 718t ¥k, pH 6.5914 AZH v EHl= 24 0420l 180.40014 A%+
129410] 223.9 nm=z 9F 1.281%2 AZ ZI15IHHFig. 44). THEAR=9] 49 pH(p=0.0968)=
oAl ke u|R]A] egkot, A& 717K p=0.0058) & pHe A% 717H] A5 A8(p=0.0013)
789 FAQ FRE Uelth 591, pH 5.5 ARE tie EFAE A7 1293100 tRAA]S
7} 0.3 o130.312) 22 F7Kt 91 pH 6.5014 A2E e BEA= A% 1294} 0|99 0.3
0J3H0.245)9] thHEAA|sE F9e Y BEE FAoRs A& ERI6HITKFig. 4B).

A4 02 model milk®Eqt ofUzl, model yogurtAE 78 2R A} 79 #Ust U=
EEE G851 9l CPP 0.2%(w/v) E pH 6.57F f41% A8A] #2 S /4T ¢

[e]
he SIS AZT 4 Yk HA Az FHAAUS X 5 Utk

%0
rir

2. LI =g U BIER D XX &8 Tt
Biopolymer ZEAIE o]-8¢t A2l@=d o] ZHA] A== biopolymer?] 72, 2871, A

0 02%CPP  |Treat: p<0.0001 -0 0.2% CPP  Treat: p<0.0001
A - 0.3% CPP |Time : p=0.7786 B -& 0.3% CPP |Time: p=0.1171
6004 -8 0.4% CPP Treat x Time : p=0.2405 1.04 =& 0.4% CPP Treat x Time : p=0.0294
-
E 5004 é 0.8
< 400 =
& Z 0.6
— »
Z 3004 =
2 2
= » & 4 = 0.4
- 3004 =
: W] o o —o0— ¢ z
24
&~ 100- o 02
0 T T T T 0.0 T T T T
0 4 8 12 0 4 8 12
Storage time (days) Storage time (days)

Fig. 3. Impacts of casein phosphopeptide (CPP) concentration level on the size (A) and polydispersity
index value (B) of CPP/chitosan oligosaccharide (CSO) nano complexes during storages in model
yogurt at 4C for 12 days. CPP/CSO nano complexes were prepared with 0.2 (O), 0.3 (M), or
0.4% (A) (w/v) CPP solution and 0.003% (w/v) CSO solution at pH 6.5. The error bars on each
point indicate the standard deviations of three replicates. Significant effects of CPP concentration
level over time were determined by using repeated-measures ANOVA. Time, storage time in days;
treat, CPP concentration level; timextreat, interaction between time and treat; ANOVA, analysis of
variance.
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A _— Treat : p=0.0012 B -0 pHS55 |Tveat:p=0.0968
B s Time : p<0.0001 pH vt Time : p=0.0058
6007 ® PHG6S  |pieqrx Time : p=0.0040 1.0q ® PH6S  Iyieqt x Time : p=0.0013
b
= 500 Z 03
= 400 =
£ 400- ”
8 ;-; 0.6+
: 3004 ;
> > 0.44
200 o 2 g ———a—" =
= 2 g;__._‘:g_—:__v_/_‘_ﬂ
&~ 1004 S 024
0 T T T T 0.0 r T T T
0 4 8 12 0 4 8 12
Storage time (days) Storage time (days)

Fig. 4. Impacts of pH on the size (A) and polydispersity index value (B) of casein phosphopeptide
(CPP)/chitosan oligosaccharide (CSO) nano complexes during storages in model yogurt at 4T for
12 days. CPP/CSO nano complexes were prepared with 0.2% (w/v) CPP solution and 0.003% (w/v)
CSO solution at pH 5.5 (O) or 6.5 (H). The error bars on each point indicate the standard
deviations of three replicates. Significant effects of CPP concentration level over time were determined
by using repeated-measures ANOVA. Time, storage time in days; treat, CPP concentration level;
timextreat, interaction between time and treat; ANOVA, analysis of variance.

ShEgE ofy2}, pH ¥ biopolymer?] Hl& 53 22 A& 34 Q%10] & JF vjHthy I#A
UTH15). & oA AR 38102 A8 CPP 5k ¥ pHoll w2 CPP/CSO Ui 549
HlER D X §& A3R= Fig. 50 AAEIh 1 23, CPP 5271 0.401A4 0.2%w/v)E Ha
Sl wha} vleRl D 3] 8-80] 9F 68.7%°141 90.0%Z A2 2(p<0.05) 71519 tKFig. 5A).
pH 6.5 AzH CPP Hix EFAE F -19.0 mVolA -25.7 mVe] AEHAYE Ay 91,
CPP 57} 0.2%lA 0.4%(w/v)2 Z7Fgl wet S4s7t Z718tArH2]. &, CPP B 57k=
FHetE AU CSO HiH] SHsE AYUE CPPY Hl&S 7717 Ea, olof et CSo%t
CPP 7t %714 548 Jdist= Qlaf Hote] B3 Z#oH Ho] 2302 w2 CPP
oA 22 vl 2 883 el 2o AmErhio]l. D d(gelatin)¥} thdFcress seed
m mucilage)E ©l&sto] HEII DE 2343t Jannasari et al.[16]9] Aol AE TR thu] o
A g T7he Aot Extde &dHote] eI DY XY 882 AAaAXIth Bkl

A B
a
;\3‘ 100+ ;\;‘ 100+
< a <
z Z 90
2 901 -] T
e &
] ]
& 80 £ 80
“ <
8 |~
2 70 - 704
= =
El =
Z 60 Z 60
= o
g 2
= S0- = 50~
0.2 0.3 0.4 55 6.5
CPP concentration level (%, w/v) pH

Fig. 5. Effects of casein phosphoppeptide (CPP) concentration level (A) and pH (B) on the
encapsulation efficiency of vitamin D in CPP and chitosan oligosaccharide (CSO) nano complexes.
CPP/CSO nano complexes were prepared with 0.2, 0.3, or 0.4% (w/v) CPP solution and 0.003%
(wiv) CSO solution at pH 5.5 or 6.5. Different letters on a column indicate significant differences
(p<0.05).
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U 534 A& Al pH7F 6.50014 5.58 F4astol] wet BlEl D 24 882 9F 82.3%00A4
98.7%= R4 2 =2(p<0.05) F7IoFthFig. 5B). 7122 thefst A A+l ] o] (e
D)} FRE A ARSE AL A AYZAHEAS] diffusionS ZAA|7]= barrier effectE
FIAA BB EdE ad o R 23, Hog 4 lohy B EIrH17,18]. & dolxe 5
A A (isoelectric point, pD)°] 3.1 CPPL} pKaZl 6.3%1 CSO[21E AREsto] Ui ESA|E A|
Zo1e}. wRbA Al 34 22191 pHZE 6.59014 5.52 AT 3¢, CPP EH9] 275K negative
charges)7} 7¥43slo] CPP EA[7t electrostatic repulsion®] 43Sl CSO HHO| gt
(positive charges)7} Z7I51A 7] wliof] CPPL} CSO7F AF5&kgo] Z71sHA =1 Axfzog
24 vel DY diffusion ZAAIA o B2 9] HENI DE W B34 Wl 24 &
QA H Ao=R AlmFLt

3. H[E[2I DQ| /n vitro release "7}

R U Al 2 CPP/CSO Wi Bt Ul Z=A= vell DO ja vitro release B7} 23}
+ Fig. 60l AX=t. T A3}, 9 22(SGJ, 37C0)0lA 302712 #ieF A7t &<t 54421 Zpo]
glo] 3% oWi2] HIEH] DRto] release EUtt. E3F CPP= oA £zt =4 ¢7] whizel[19]
CPP/CSO Y E3AR= AolA] A8k & HIER] DE B340 = H5g &= Q& 2= AlR
.

HER] DS 23 Jda 2 B 40| 5t &% 24004 release 574 23, HiQ
AIto] F71gtoll wet HIE] DO release H= 4ol %;ﬂ’ﬁni Z7¥ordom, 1208 vi¥ &
90.9%2] BIEF] D7} release® & ERIstGitt olE &of & A-tolA Axg CPP/CSO Hix
E3Al= vl Do 22 g dEdse] 94 wEe H°1W ol&Z AMtHoE XY U HY
5k, o] 50| F5E= AN releasesto] Aol F5E= YHSHELEY] aAARI HY
Ar"og S8E 4 QISS sk

aud

[e)

o
=

FO

£ AFolA= CPPeE CSOE AMEste] Axgh e B9 415 4874 2 23E Ay
291 vjell DO jn vitro releaseE B715153tE 1 23}, CPP/CSO Ui E3Hl= model milk

A B
100- 100+ a
9 9
< 80 < 804 b
@ v
) & .
e 60 E 60
& 404 & 40
= 40 = 40
E 20 E 20
S 204 = 204 [
= a a a a = d d
0 - —® 0
v T L) L T v T T T T
0 10 20 30 0 30 60 20 120
CPP concentration level (%, w/v) CPP concentration level (%, w/v)

Fig. 6. in vitro release of vitamin D from casein phosphoppeptide (CPP)/chitosan oligosaccharide
(CSO) nano complexes during digestion in simulated gastric (A) and intestinal condition (B). CPP/CSO
nano complexes were prepared with 0.2% (w/v) CPP solution and 0.003% (w/v) CSO solution at
5.5. Different letters on a column indicate significant differences (p<0.05).
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4 model yogurt 2-& F 1297+ A717F % =& E24 HS AU AlF 28440 Fol
& FEoklnh R AR 34 22191 CPP 5= pH 8% 531 e DE 90% oV =T
S eH, jn vitro release B7F5 B9l HIEF DE oA Bookal, AollA] release sh= Wi
E?J'Zﬂ«] E/3E 1oloitt. 28X oE 2 Aol AlxHE CPP/CSO W E3Al= Hold 74
F A8E A Bt ofyzh, g X2 A3 viEwl DE 8o E IHST 5 Qe

z3= 1‘5}‘:‘] DE 2471 bAsHA A9 4= Sl= BARl U HMUA|E 82 5 Sl 7;1
=7

T
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