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Physicochemical and Functional Properties of Casein
Phosphopeptide-Chitosan Oligosaccharide
Nanocomplexes as Calcium Absorption Enhancers

Ji-Hong Lee', Ui-Seong Lim', Won-Jae Lee”

'Division of Applied Life Science, Gyeongsang National University, Jinju, Korea
“Division of Animal Bioscience and Integrated Biotechnology (Institute of Agriculture and Life Science),
Gyeongsang National University, Jinju, Korea

Abstract

Enhancing intestinal calcium absorption in the elderly is essential for reducing the risk of
osteoporosis. The purpose of this study was to manufacture calcium-containing casein
phosphopeptide (CPP)-chitosan oligosaccharide (CSO) nanocomplexes and determine their
physicochemical properties (e.g., particle size) and functional characteristics (e.g.,
intestinal calcium absorption and entrapment efficiency). CPP-CSO nanocomplexes with
particle sizes of less than 200 nm were successfully formed. The particle size of the
CPP-CSO nanocomplexes increased with increasing CPP concentration, whereas their zeta
potential value decreased. Increasing the pH from 5.5 to 6.6 led to a decrease in the
particle size, and the zeta potential values decreased accordingly. Caco-2 cells exhibited
no cytotoxicity at the various nanocomplex concentrations. The intestinal calcium
absorption of the CPP-CSO nanocomplexes increased with a decrease in CPP concentration
and an increase in pH. A negative correlation was found between calcium absorption and
the particle size of CPP-CSO nanocomplexes. In conclusion, the CPP concentration and pH
are manufacturing factors that affect the physicochemical properties of CPP-CSO
nanocomplexes.
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e ASHH0E AATITS]. YRt o g de o5 A ESA § el ek FH
9| Zrg B3Al= Sk ¥kEsto] S 7hett &ofE ol2st Ao s Aol A oA S5t
o|FolZItHe]. T1efut LatE QIgk YWt 2H] Fav= HFHE Zw BSAVE &5 71sT ol A
FHE A== AP Wolst] 2HH0R Zg S Ao 7]ofskA HoHol. oA 2
B3A9 22 & ZAES A4dtel] e F4ES FAE B840l AIE Qi

£ doxe 2 BSA AREY SHA 9L LBtE It A F4E Aot BAIEE ddst] 6l
e E3A|(nanocomplex)E 7iEst3tt. £ e E3AE SH0HE Ald 7H9] AR HE |
(casein phosphopeptide, CPP)?} ¥A5HE A|d 7|& 28] 7P chitosan oligosaccarie, CSO)
< ol&sto] S 7] %71 IEE oldsto] AXstgion 7|E wA| AGA|AR] Hs| 2717}
200 nm ©J5}= - 2o} A AuA| e}t F2F 7Rset EHA 0| FTIsto] o] & SHOIA
2 A& A4 AeH7-101.

CPP= Zsatt 2T 4= Sl el QRIS 7] I 2584 Z7](Ser(P)-Ser(P)-
Ser(P)-Glu-Glu)E 94 acid motifE A Zat G3H 0= A3P7ksop(11], CPPet Zokd 2
H(CPP-Ca) 19 & 43} & Zw2 &l X 9 & W Zw S5 ool YT &AL
(oxalic acid), e Kphytic acid)2] 3280 Qg Zgo] IHE B4 IARI L LA
UTH12]. E2t CPP= & AnA o] E4f6k= TRPV6S} L-type calcium channel &3t Z#2
ANEY H2E B3 4 (transcellular uptake)E FAI71= A= L&A JcH13]. CPPeF 2ol v
= Bl 28=l= CSO= A AT 7F 82t A%(tight junctionye st} Zgat 22 wvid
9] 55 SANE £ Aol AIE 7+ HE(paracellular pathway)s B3 Zw9 &5 3K
(absorption enhancer) g&o] 7}soltH14]. wWetA] B A1) 42 71AQl ZARHE|E-7| &g
I e EIHE Aokl B3| AR 3A(CPP 52} pH)ol| ThE Wi B3] Eejssls]
EAS AL Ui B3| A8 E A Y Ze S5 A8 F¥cks Aolth

o F

= 2 EE

1. &

7M1 EARHE|E(CPP)= Friesland Campina(The Netherlands)ollAl, 7]1E-&8] 715HCSO)
2 Amicogen(Korea)& ARESI¥OH, DEME(Dulbecco's modified Eagle medium)2}
FBS(fetal bovine serum)+= Hyclone(Logan, USA)Y| A|ES ARSI}

2. 7[§[Q] ZARHE|S(CPP)-7|E22|12HCSO) L S8 HMx

CPP-CSO Y= E3H] A|ZE modified ionic gelation WS o833 THE]. CPP &L
0.1%, 0.3%, 0.5%w/v)S] Tt %9l CSOE 0.003%w/v) TE2 FHEIYoH, srd
CPP-COS 3HgHZ Ax5t. CPP-CSO W EHAl= ARE CPP-CSO E3H&Hd]| 0.3
mM CaCl, 89 %7} o]F, 0.2M HCIZ pHE 5.59} 6.5& 24sto] Ui EIAIE 7Nt
AzxE e 3 842 A9 H8/4E =o17] 95 -80T &4 19 ol 52X 7,
SAAZ7)(FD-1000, Tokyo Rikakikai, Japan)S 3 £@3} 31t

3. CPP-CSO U =9 SCizletd §4 g+

CPP-CSO U= EHA|9] 97 ofF B E=jeers 542 UAF 27(particle size), T4t Al
(polydispersity index, PDI), @ FHA5Hzeta-potentia)S B7I5tH.0H, Y=EX7](particle
size analyzer, Nano-ZS, UK)}E ©|&3l &35t
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4. Caco-2 M=% Hi¥

i 8iX|l= DMEMO] 20% FBS®} 1% penicillin-streptomycin(10,000 U/mL, Gibco,
Scotland)}& H7Foto] EH[oF M, Caco-2 MZEF+= dg viz|olA 37T 5% CO, FZ100|A]
AdiF stFct. Caco-2 MEFY passage numbert 10-26 L 30-36E 85130
CPP-CSO W B34S Al ] E4(cytotoxicity) R ZH &5 A5 93l Caco-2 AZE
96-well plate(Greiner Labortechnik, Germany)2} 24-well cell culture insert(transwell,
polycarbonate membrane, 0.4 zm pore size, SPL Life Science, Korea)oll 1x10° cells/mL
9 Ir 2 747} HEoIGiH o 48417 THA 0 & A E Al 4-55:7F vjfsto] A2t F4]
st} PAE confluent AE1Q] Caco-2 &(monolayer)S Ao o]-&s}3ict.

5. CPP-CSO LIt S§HI2l MZE=4(cytotoxicity) A

CPP-CSO Ul E3HA9] MZ=4 H71= Yeh et al.ofl AAE WST-1 assay2 o]-&s}o], A=
AZ2GS 2A519H15]. Caco-2 A|EEZ 1x10° cells/mLY] WER 96-well plated] £351%.0
o, 48A7F BB vieF & A|EE phosphate buffered saline(PBS) 2.2 23] A 45}, thok
Sk 5=(0.01, 0.025, 0.05 pg/mD)9 Y E3A7} < 100 L9 T84 viX|(serum-free
DMEM)E 96-well plateo] A7I515ich AlEEA B71E 98] 2 wellol 10 p19] EZ-Cytox
(Dogen, Korea)S A7I5ka 3A17F B9t vESA|ZTE HES o]% microplate reader(Multiskan
EX, Thermo Electron, USA)E 01859 450 nmol|A S4EE £451900, AZAAZEL Hu
et al.o] AAE $2]0] w2t AXksSTH16].

S % (treatment — blank)

TAZQ(Y) = —
A2 Z-8(%) S (control - blank)

x100

6. Caco-2 MZ2| X W Z& S2(absorption) 7}

CPP-CSO W E3HA|9] A Z¢ &4 582 Caco-2 Al B304 Za g5 448 B9
Bk} Caco-2 AERE 24-well cell culture insertol] 1x10° cells/mL BEZ HZ3t &
oZ5o| F4E d7HA 48AIzHH HiAE wAlsh EieFSISitt. Caco-2 Ml @5 B4 off=
TEER(transepithelial electrical resistance) &< =7sto] &RIsI3.0™, TEER Fe] 330 Q2
xem? oW EESIYS o ThEo] FAH Ao WosIArH17]. TEER ZH Chen et al.of AXH
Ao w} AkletIeH18].

TEER = resistance (Q) (treatment - blank average) x growth area (cm?)

TEER %ol 330 2 xcm? o491 Caco-2 Al @52 Hank’s balanced salt solution without
calcium and magnesium 2 & X A& H, 37C, 5% CO, 2712] vid7|ollA 3087t HE
SKequilibration)3t3tt. ©1% transwell AHapical side)oll Z 3§ CPP-CSO U B3|
N300 pg/well)S H713t th2 60E7F HESAI7] & T35S S3)510] slth(basolateral side) 22
ol5%t Zg s &4519low, EA2 [CP(inductively coupled plasma; PerkinElmer,
OPTIMA 4300DV, USAYE ol-&3to] 4-3¥s}3ich

7. A=A
23] o FARAE 33] W & Pt + EEH K mean +SD)E HERLL, Ui Z3HA9)
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Az FHRRACPP 5% 9 pH)Ol we ESH(YA 7], 24 A, Alet H9)ELS
one-way ANOVAE F-835to] 11 §oA} p<0.055 E46HITE YA+ 371, ohat A, Al 19
4 55 719 A3 BA= Pearson's?] AAS 42 Bl H7lolo, & A4 A 42
SAS(statistical analysis system) T2 13-& AR85to] ZIYst3ct.
2 E
1. 7HHIQ1 ZAHE|S(CPP) sk HMalo| M2 S23EN EY ¢4

e B3R AIRA] 34 8221%1 CPP &7} 7HIQl ZAZHEE(CPP)-7 | EZ2 I HCSO) Hie
B3] Eejatet Aol vAl= 3l tiel B7FstithFig. 1). CPP-CSO Ui H3kA4|9] 4=t
71 CPP 57t 371l w2t 524 21e](p<0.05)5 EolH F7I5tirkFig. 1 A). °l&= pH
6.5 Z7A CPPY] 544 e] 2F 3.10]1L, CSO2] pKaZt oF 6.30]7] w&Eo][19], SX5tE w+=
CPP &7t 271 weh FAstE Ad CSOL}F AA714 AFS2electrostatic interaction)©]
Z715kal CPPeF CSO 7He] B4} 7F AsHintermolecular association)o] StjEch. o]2gt AFS 2}
& S71= QI8 CPP-CSO Y E3AQ Y&+ 27171 S7Ietittal st

CHEAAI(PDD= e B34 A28 821°1 CPP k=0 nhE 39421 &o](p<0.05)8 Eol
2] 9kgkom wE ZA0A 0.3 olskE YERGITHFig. 1B). o+ YA 2717} @A monodispersed)
FHE SA5HT Y22 ousiH, A|Z2E CPP-CSO Y E3HA7F #UsKhomogeneous) YA+ 2
7] BES A 11T 4= UUTH20,21].

Alet A (zeta potential)i= CPP 5= F71 wet FA} FHadk= Hake e 3itkFig. 10).
o= 545kE Ald CPP 5% F7I= QIs] tie &3] FHo| 2451 w= CPP7L o] 451
Eof, AAHQ] -k HWk VIR s A7 At Ao wekErt

2. pH Helof| O L SeiAe St 4 o7

Ul E3H A% Al 3489191 pH7} CPP-CSO Ue EA|9] Ejs}ata] EXof| wx|= 33k
o tisf E45FAkFig. 2). 1 A3 CPP-CSO Ui E3H2] A&} 271 pHYF 5.5904 6.5%
Z71bol| whah §-9)(p<0.05)3HA 4319 tkFig. 24A). YolA A&Esdle] CPPY SAY ™ol oF
3.10]1, CSO9] pKaZl 9F 6.30]7] w&[19], pH7} 6.5 739-e} vlwato] pH7F 5.5004=
CSO7t At og Fdsts WA =i dsts Ad CPPY} A%1718 A5 2-{electrostatic
interaction) 37F2 Q18] CPP-CSO Wiz E3HA|S] A=+ F717F S7tetyictar wekect,

A o a B c
250 — 0.4 " -30 g b
»

£ b [ 2 — s s [

£ 200 £ 0.31 E a

8 Z a a R e

N % s

o 150 § 021 = I §

S @ &

§ s 0.1 ™

x 1004 : %

& 5 8
- . . 0.0 4 T . 0 E T T
0.1 03 0.5 0.1 03 0.5 01 0.3 0.5

CPP concentration level (%, wiv) CPP concentration level (%, wiv) CPP concentration level (%, wiv)

Fig. 1. Impact of casein phosphopeptide (CPP) concentration levels (0.1%, 0.3%, and 0.5%, w/v) on the particle size (A), polydispersity
index (PDI) (B), and zeta-potential (C) of CPP-CSO nanocomplex. CPP solutions with various concentration levels were mixed with 0.003%
(w/v) CSO solution and then adjusted to pH 6.5. Different letters on a column indicate significant differences (p<0.05).
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Fig. 2. Effect of pH (5.5 and 6.5) on the particle size (A), polydispersity index (PDI) (B), and zeta-potential (C) of CPP-CSO nanocomplex.
CPP-CSO nanocomplexes of various pH were mixed with 0.003% (w/v) CSO solution and 0.3% (w/v) CPP solution. Different letters on
a column indicate significant differences (p<0.05). CPP, casein phosphopeptide; CSO, chitosan oligosaccharide.

TR A(PDIRE pH #islol wak g0149] o) i) gigkor] mE 27014 0.3 ofs)
2 2UT PR719) LES YRS GRS 5= AUk Fig. 28). W, Agk A9 Aol pHr
Z7Klol| whet 52]2(p<0.05) 22 ZH4ASHItKFig. 20). WA pH7F 71l wet CPPE o T
SAsE WA =1, 1 A7} CPP-CSO WeEaldo] ¥H syt 7asks Aog mohEri22,23].

3. Caco—2 MEF XM Zgo & W &+ 24 A1

CPP-CSO W A9 Za E5&2 B71617] Y8k Caco-2 HE 1152 f15f Caco-2 Al
FZ transwello] confluent(&3H) 7t 2 di7HA] wigst o, @59 34 §5F+= TEER
& B7E Bofl wetolithFig. 3). A 2 vk Alkto] S7Felell et TEER o] d5oti.om,
ioF 3294 TEER #ol 332 Q/cm?’ ooz =4=o] F4 Ago] WA Caco-2 HEF
@3o] AN RIS 4 UATH17,24].

4. CPP-CSO U S&H2] MZE S4(cytotoxictity) L7t
e 53= 7129] vl (micro) EACl BIs) 27|17} #oK<~200 nm) %
HA(target) AEe}t TG 4= Sl EHZ0] F7Isl0] HHSIEHL] E

Jzo} 7

/\
O
w2t 904

Y rlo

E

o

o
J

)

TEER values (2cm )
w
(=]
T

n

(=]

o
L

-—h

o

o
L

o
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Fig. 3. Transepithelial electrical resistance (TEER) of Caco-2 cell monolayer during 32 days of
incubation.
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4 AH25,26]. 23y e B3HAQ] YA} 37171 AobdeE AlEutate] A5 Akgo] ks, Al
zuto]] YAIHQl H-FHporation)E FESHAY Al YE-2 HTFRo 2 AE=/go] U 73
o] SItH27,28]. wbA Ui EEHA|] Al 493} 22 kAol st 7 Skl QIrH29,301.

CPP-CSO Wi B39 wkof W2 A2 =4 574 23t e E3A %7} 0.01914 0.05
pg/mLOE F7ISIE Rt Al &L F23Hp<0.05) Aol7h UehtA] ghekom, 90% o<
Al BEgo] FAIEAHFig. 4). AFOIFEPAR(AFIREIHA A A|2020-123)4] A
AleE A=A 7SR BEE 70% oVd)ell m2H CPP-CSO Wi E3HAl= Caco-2 AlEF
o el AlZ 5438 YeRA] %= AoE HHE 31

5. Lt 28H|°] Caco-2 cell L Z& &4+ T}

B oA &% A2} fARE EAS AW Caco-2 AIEFE AEslYl, o] 0|83
CPP-CSO W B34 Zw &8 H7I6t3tH32,33]. 1 23, W 3419 A3 821l
CPP %%=9] Z70f| W} Caco-2 AIE 3 W] 2459 T4 5912(p<0.05) 2.8 A31=]Qlth(Fig. 5A).
olgfgt Ak W2 CPP oA Alxd Atz oz 22 2 371E Ad CCP-CSO Y &EFt
A7y 32 AR A Az A52RE 9 A|F AlZKretention time)o] S715197] T,
W BgiAe] 2 &4 P AoE TAEtH8,26,34,35]. 3 CPPE ARSSH E3HA|=
Caco-2 NEF @504 Zaat 22 nude] S48 FgAZIT L B ATH36].

HHH Ui S| AR 37 82191 pH7Y 5.50014 6.52 S7Ftel w2t Caco-2 W 29 S5+
FIH(p<0.05) 02 Z7IoFArHFig. 5B). Wi B3tAl9] Eejslsta] £4 A3 23} pH7L 5.59014]
6.58 Z7Re] wet CPP-CSO Hie £ YAt 37 1= 72l(p<0.05)5HA] HA5t=sl(Fig. 24), 1<
2R QA 7|2 QIS Fo] T HHE S7PH A ATAEete] A4S 28-S Aol T S5 57t
of 7]ofatittal SHA=IACH7,38]. ESH CPP-CSO Wie E3k4o] Eejslerd EX(CIE EH, At
7], ohAt X, Aler AN A 2w T4 7] AR IAIE B4R 23 CPP-CSO Hie E3A|
9] A 2719 A W e T Fet 29 AFAI(=-0.69 [p<0.001)E UerHtKTable 1).
A3 Y B AAT7)7F 2H8E Caco-2 AEHOIAQ] Wi BEA|9] N ZEE~uptake) O1F
AT Alzto] F7kok= A0 A QJA139], YA 371 AR QIet T Fuld B4 Z7PF e
BIAL Caco-2 MIE 719] AJ52ke o= st Z &5 Z7lof 7lofaointa wetsc)

=

1201
= a ab
(¥} 90+
L&
< %
=
S 60+
"
—
=)
S 304
0- T IA
0.01 0.025 0.05

Nanocomplex concentration (ug/mL)

Fig. 4. Cytotoxicity of Caco-2 cells treated with CPP-CSO nanocomplexes at various nanocomplex
concentrations (0.01, 0.025, 0.05 wg/mL). Different letters on a column indicate significant diff-
erences (p<0.05). CPP, casein phosphopeptide; CSO, chitosan oligosaccharide.
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Fig. 5. Impact of CPP concentration levels and pH on the intestinal calcium absorption. (A) CPP
solutions with various concentration levels (0.1%, 0.3%, 0.5%, w/v) were mixed with CSO solution
(0.003%, w/v) and then adjusted to pH 6.5. (B) CPP solution (0.3%, w/v) was mixed with CSO
solution (0.003%) and then adjusted to pH 5.5 and 6.5. CPP, casein phosphopeptide; CSO, chitosan
oligosaccharide.

Table 1. Pearson’s correlation coefficients(r) between dependent variables

Variables Particle size PDI ZETA Ca absorption
Particle size 1
PDI 0.84" 1
ZETA -0.68" -0.63 1
Ca Absorption -0.69" -0.41 0.09 1

" "Significantly different at p<0.01 and p<0.001. respectively.
PDI, polydispersity index; ZETA, zeta-potential.

as

£ dore Y EFA AR o] 8H A AAf(delivery materia)= CPPL} CSOE Zts}
o] Yienlg 37]9] FY% EXE AU CPP-CSO Y EAAE AZHog Azslgch Az
CPP-CSO Wi E3HE= thofst CPP %59} pH A0 wheh AR} 27], thit A4 79 A3t
2 73kt E4do] 28 H a2 SRlskgit. 3 CPP-CSO Uie EFAIE Caco-2 A2
o] 83192 o 90% oMol AE HZER AE 544E YA &3ttt CPP-CSO Wi E3H|
o] E2i3Fetd BT e S5 holl A A0 JA=71% A S5 11 folgh 29
ABEA7L BRIElo] AR} 2717} Caco-2 AlESF T5olA 9] Zagrol JFe nAE 20YS
& 5= QIQIT & 370 A CPP-CSO Wi E3tl= A 24 352 SAXA 4 o2&
< T F e AR 7aE AF AR Ego] 7Ksot, Ut 348 B3t
CPP-CSO W B3l ot AR, L&F 5ol HeEo] M2 8 2w 43t 7|5
3 FAE ol 71018 Ae= 7|diE.

|
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