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Abstract: In this study, casein peptides were obtained by alcalase hydrolyzation and Lactobacilus fermentation to prepare
the casein peptide-zinc chelates, which are a kind of efficient and well-absorbed zinc supplement. The structure of casein
peptide-zinc chelates was characterized by spectroscopic instruments. The digestive stability and safety were also assayed
using in vitro digestive model and Caco-2 cell experiment. The results indicated that the optimal conditions for preparing
casein peptides were as follows: Volume of alcalase was 0.3% (w/v), pH of reaction system was 9.0, Lactobacilus
fermentation time was 12 h. Under this condition, the peptide content was 142.39+0.95 mg/g, and the zinc chelation rate
was 31.41%+0.97%. The chelation with zinc destroyed the structure of casein peptides leading to a loose surface structure.

Spectroscopic analysis showed that Zn>" can bind to the reactive groups on casein peptides, with the chelating sites being
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carboxyl oxygen, hydroxyl oxygen and amino groups. The results of in vitro digestion showed that casein peptide-zinc
chelates possessed better solubility than that of zinc sulfate. After gastrointestinal digestion, the DPPH and ABTS"
scavenging ability of casein peptide-zinc chelates increased by 26.19%+3.30% and 71.96%+7.06%, respectively. However,

the ferric ion reducing power of the casein peptide-zinc chelates decreased by 36.26%+2.80%. At the same time, the f-turn

and random coil content of the casein peptide-zinc chelate decreases during digestion, the f-sheet structure increases and

Zn” play a role in maintaining the peptide structure. Furthermore, the cytotoxicity test indicated that casein peptide-zinc

chelates gastrointestinal digest were toxic to Caco-2 cells when the concentration exceeded 0.4 mg/mL. Finally, 15 and 13

dairy-derived peptides were identified from casein hydrolysate and casein peptide-zinc chelates, respectively, using mass

spectrometry. These results will provide scientific evidence for the development and application of efficient casein peptide-

zinc chelates.

Key words: casein peptide; peptide-zinc chelate; fermentation optimization; in vitro digestion; bioavailability
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1.1 MR5EE

MRS R 3EFRR T ARH AR A TR
ANl A AwIARIg . LKERREE T
ali, PR ek A YR A RS | o AR
(1:200000) bt &RSEFEAEMRHHA RA A 4-(2-
pyridylazo) resorcinol(PAR) . HEPES-KOH 2% i i
(pH7.9) . BABREN . + e IEmi AR AN . 2R — FH I |
1,1- 2% 6 -2-= i & 2%k ( DPPH) . #F bk H ik
(GSH) . 4,4-— ( 1H-1,2,4-== M -1-3L ) -1,1"-H% 2
(TPTZ) ¥y morral, LBy T 48wl B8 A
P7000. JBEWE & P1750 3E[E Sigma 2\ A MLEFHEE
W& @R A R F SRR T HE . 2,2-
BRA-(3- 2 F-E TRk 615112 ) —£4FER (ABTS)
SyTall, DA AR R A B2 5 LAt
S ATl BT SEES K35 R 2 B K AR ELAT A
(Lactobacillus plantarum) LPA Fl LPB J& 35 2= 46
BT 22 A6 H i e A5 581) ) P AR LA oo A TR E T i L
MR EH; Caco-2 4iifid  HEIRLABE.

Chiracan V100 [R5 5%E Applied Pho-
tophysics 2 Al ; Nicolet 1S50 i f £1. 7 't 1% 5 4¢ .
Easy-nano 1200 {1354 #% . Q Exactive Plus 5t 5%
#%. EVOLUTION 220 £24M WY S5 Thermo
45w F7100 28 000GI4 H A4S H 372 A]; Spark 2
IREREFLAR A IMAL  Hfi - Tecan 4\ &]; EM-30 Plus
PR ERH R s WiFE Coxem 2N H]; ZS90 &
IRSCAPKTOCRIEEAL JE[E IR SCIAZHERA 7] o
1.2 LWHE
1.2.1 ARG IR S e a kn il & MY FLIR
LPA 1 LPB 7£ MRS 5323k I 37 °C #ELHEFR(3 fx
24 h), 6000xg &> 5 min, {di RN E TR 7EJCE £h
7K (0.9%) . 7E 20 mL B IR (5%, w/iv) i
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oA 0.15% Py B &5 1, B 2 h, 879 pH =
6.5, ¥ 3% ARl (vV) INAAEIZLER B, 7E 37 °C
ST RWE 12 he SRIT, SEASIRIAY A B 45 420 T4
A, [ 58 A& ISR R il e pH7 . PR 2R 1 S n &5
0.15%, DI AERTEI (6., 8. 10, 12, 14, 16 h)435)
AT R 5 R IR s [ R WS R A pH ol 7. &
BERE] SR 12 h DAAS [RIH8H: AR B ES N (0. 0.15%.
0.30%. 0.45%. 0.60%. 0.75%) 5> B AT R 5 &
Witz [ 58 & W A1l R BEIHIE] Sl 12 hy 0.30% i
Mg, AN EI9) 4G I f# pH(5. 6. 7. 8. 9.
10) 53 BHAT B 5 2. KB 1 mol/L HCI

PH9Y pH 2 4.6, 7E 6000xg, 4 °C &4 FE5.0> 10 min,

W 3, A 1 mol/L NaOH #4715 pH £ 7.0, B.0 UL
B IRV UR TR I TAEAEAE—80 °C T
1.2.2 FEESGREIME  ARYE Zhu S50 (1053,
1.2.1 §7 45 8 19 & % 7~ ¥ 4 40 mmol/L HEPES-
KOH %% ¥ (pH7.5) T EHH % f#, 5 ZnSO, 7H,0
(250 pmol/L) LA 49: 1 fY Lb B FE4r1R &, #E 37 °C /K
WPV 10 ming #RJE A 200 pl 2 mmol/L 4-(2-
pyridylazo) resorcinol( PAR) , i HEPES-KOH %% 1
WRES F, TEDE R 500 nm RIEWYGIE ., SEEa %
TR

FEaIROGAE
2 ARG E
1.2.3 ZRRERME  ZARE EIE S Spe-
Ilman 25U (175, #5100 mL #ifZ44 (0.1 mol/L) FlI
10 mL 20%(w/v) T keI e 595, =
DLHEM SR . B 160 mg 2578 —H A T 4 mL 2B,
R R PRSP . A 400 L Sk 2 mE, FH25 5
TIKREFEZE 200 mL. HL 200 pL 1.2.1 529 & B
P 3 mL AR T TR TE IR, IR Tk
JYCIFE 2 min, M&E 340 nm 4R GIE . BUREIHE
BENY DL-2228FR2 AR HEITZR, FESL S IR LI s e i
MY 22 3 IR 2 e N o
1.2.4 KBS SHIE 10 mL AR AR(10 mg/
mL) SR eE (BB A R EE R R L 1 DIRA,
BRI pH JETTE 6.0,50 °C 2514 T 1 h,
Bt S i TR P e RS B DKOK VA R G A, i A TG K
L WE(1:4, v/iv) FEERE, 7F 8000 r/min 25 T B0
10 min, WHRDTIER VR TS BIIKEEES G -
1.2.5 FRmEE B s S AR IR A NS S
YR T b, PR 4 A HE)S , FilFH COXEM
BRI T, o, s L Rl 3 KV, RS
Bh: <1.0 ko
1.2.6 2L4M6Gi%E  fdiFH Nicolet 1S50 M2 4MGi%
FR Y8, 7E 4000~675 cm " Ji 7] PO 1 2 K M AR
G TR B T, SE PR AR, SRV
HS A Z A A
1.2.7 Zeta BAIIMIGE K1 S5 KRR BEES & i

BB (%) = (1_ )x 100 2 (1)

FEBETK, BUHDS 1 mg/mL WK, A7 120 s, R
IR SCHOCRI AN E Zeta HEAV o

1.2.8 % HAILAEIR F-7100 28565356
FEEET T, X R KBS S B T e I GRS 143
o TEMSAE IR (5 mg/mL) FPolin A R (1,
2. 4. 6. 8 Fll 10 mmol/L) MERFREHA W N, 30 min.
SRIHFFAR R, FEPOAR P A 280 nm FIA ST KR
300~500 nm FYEM T #EA T

1.2.9 PrEEALrEN 2

1.2.9.1 DPPH H HEIER MR CHR [17] A
BT TR, B— R i I EE AR MBS IA TR+
K, B AN R S (0.5, 1.0, 1.5, 2.0, 2.5 mg/
mL), HZ 2 mL 0.1 mmol/L DPPH ¥ S5FE AR 7
SHRAE, F 517 nm AN G(E . LARFEAILS B IR
VEBAPEXT IR, B 2 mL 95% Z BEH1 2 mL FE 5L TR
B AR T IR ZH, B 2 mL 95% ZBEAE S AT 2 mL
DPPH A WIR G X NAE A2 4, X DPPH H F 2%
AT BRI LR A

DPPH H H 7R R (%)
B (1 B i 2GR — X R 2RO
B = AHEE

)xlOO

D)

1.2.9.2 ABTS"H HAG R AR STk [18] HiiE
BT, B ABTS ¥ # (7 mmol/L) Flid B R 1 A K
(2.45 mmol/L) IR &, £ Z i G & 16 h, 15 F]
ABTS 8, F/EXT ABTS FRHEMRE, [ HAE 734 nm
AR SGEA 0.70+0.02 KB 0.5 mL AN[FIHREE(0.02
0.04. 0.06. 0.08 F1 0.10 mg/mL) AYRE AW AT 3 mL
i ABTS #BRiRiR G, FEZIREGIN 5 min, RS
WM& 734 nm AL IRSGIE . LI RV I H IRVE N

FEE RIS ATE

FE SR GE

A AR
W &D)

1.2.9.3 ZEAE I ARG SCER [19] HGERITTA,
% 30 mL TPTZ % # (10 mmol/L)5 30 mL FeCl, #
W (20 mmol/L) Fo4r1RA, A 300 mL i iR £k 2% v
# (0.1 mol/L, pH3.6) # 47 B:45 2] TPTZ T AEW -
100 pL A R FEAE LW (1.0, 2.0, 3.0, 4.0,
5.0 mg/mL) 5 3 mL TPTZ TAEUWTE 37 C TIRG
30 min, 7F 593 nm ZbME K SEE . LIASFEHE Tro-
lox HRUESHHIVERRHERTZR, DA AL B H BRVE A BH
PEXTRR, 45 5387~ M Trolox 244 (mmol Trolox/L) .
1.2.10 #EHEIEmIEMEA RS Y) . BREREEST
BT 225 T /K (1 mg/mL) 1, #35 pH & 2.0,
37 °C W5 5 min J&, ¥ 1:35(w/w) BIBEEH) AT A
B HEF( =250 units/mg solid) 741k 2 h, H1k5E
A5, A NaHCO; ## pH = 6.8, 1:25(w/w)JIILA

ABTS" B HATERRE (%) = (1 )x 100
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JigefifF (4<USP), 4k£ZH 1 mol/L NaOH #4715 & pH7.5
JEEAE 2 he S A TEARSMIFAL 0. 15, 30, 60, 120,
135, 150, 180 Fil 240 min A B —E BAFE 5, BBKIES
10 min K5 AT, P A0 16 Pt I e 44 BE
1.2.9 Wyt T RIE Xie 20 (1907 BB A
AT PESR BE 5, PRI PESR B SRROR A

_ TEARE AL BT AL BE

i =l > B7J 327 00 —

x 100

& @

1.2.11 $RAMENE IR FTEAGET R B
IBTHILEAE 8000xg T &S0y 10 min. UREE ¥EW, AR
P AR BE R S I e B e . KRB B
BEFSEIRE, B 50 mg BREFESE WA HAE 6 mol/L
FhMEH, 120 °C JHAL 4 h, B TR AP ERR,
FEBE T/KESRR 5 mL, M AR B &R0 07
B RE S . BERIS RTINS
FE LB
BEEE
1.2.12 B KA AR AR S T 2%
B 7K (0.25 mg/mL) 1, 2R 5 FH IR (435 (CD) 7
190~260 nm Z [H]BEATHH, [ LA AR S50 7
Fi 1.0 nm, FAFHEE 100 nm/min. R GEE
ARV =R ELATH . SR CDNN #4317 —49%
LAY o
1.2.13 MRS ARYE SCER [21] HE kL,
HY 1.2.10 HAYTHALRE SR T7% 10% I3 1 DMEM
Bi3eRdr . fF Caco-2 4R & LT 80% )&, 5+
ZIEFREE, FH PBS BEYE Caco-2 HIEFI VG F1) 1
PTG BN AR - R LL 2.5%<10* 4~/FLIY
2P T 96 FLANMLIES=AR T, £ 37 C 4 ki
WA DT 24 h s KRR FR AL, AL A
200 pL AS[FIHR BE S 25 (H AR R 2 & B i is A=
#(0.05. 0.10, 0.15, 0.20. 0.25. 0.30. 0.35. 0.40.
0.45 F1 0.50 mg/mL), FEMFESIEE 6 T FPA7Hl. 4k
ZEWEE 24 h J5 3RS, LA 100 pL 5 mg/mL
MTT. % H 4 h J53+ & MTT, &FLITA 200 L —
FH LS AR, 4 Al 5 SR A (IGH R 20 10 min.  FHERAR{X
TE 570 nm AR E W SGIE . DA 5% 35 L 0 2 40 i
HAVERZS 4, ISR 10% L% Y DMEM 138
LA UL S A E T BEZH, AN E s R U R

HHHRAFE (%)

B ( _ HEaAORE - = HAOLE
U RO - 2 A ALOB(E

%%%§ﬁﬁ%§@6)=( )XlOO A (5

)xlOO

x (6)
1.2.14 WAHETE B BURIE T
1.2.14.1 FESES B 1.2.4 PRI EEA RS
BREEESS LA 1 mg/mL ¥JETE R B Tk P sk
7 B IEAG N

1.2.14.2 WAHGEIE &M 4385 4E: 75 pum=<200 mm
(C,g 1.9 pm kife, 120 AFLAR) 5 0033 43 25 B 1A) .
60 min, A: 0.1% FR/KIE W, B: 80% LN Wi :
200 nL/min,

A B VRS . 7E 0~45 min N, B: 3%~32%; 7E
45~55 min N, B: 32%~100%; f£ 55~60 min N, B:
100%~100% .

1.2.143 JEIEZ&ME {5 E 200~2000 Da; 57 7%
R 700005 5 KBS T ARTE 100 ms; MS/MS & 1
HEABTE] 75 ms.
1.2.14.4 ¥Au50#%r {di)H ProteinDiscovery 2.4.0(3&
[# Thermo Scientific 2\ &) HF 784, HeT Uni-
Prot a2, 45 BIHER 1Y) Z2 KT = 2 LR 75
1.3 HIEAIE

P AH IR ZE I =R, TSR E AR
2Z1H, 3R H SPSS 26.0 #4347 w3 47, H
Origin 2018 ZRI4HER
2 HBRESHh
2.1 AEEEHHIMRK

T S 56 22 0 158 1) R AR LA 1 2 TR RE 1 A )
FUFT XS R I T A BE, a5 UK 1 iR, il admiik:
T P it T4 B 55 A ) LA B A AR 45 4 1) 7 3R
PRI B P R B B T 15385352 17.63%+0.83%
FIT 15.17%+0.81%, Fias THPARATHRLH (12.07%+0.53%
Fi1 13.63%+0.13% ) 5 FAAfF AL FHE2H (8.69%+0.53% ) -
B ESR FAE SAEFUAT S LPA R/ A5 14 ik 5
FUWEA EOCEEES G RE T o TEAFLAT B IVE
T, B AR S S gl K RS R A AR T R R
I FHBRE SR A Tl Tt A, A ) 4 e R IR 9 el AR,
I/ R B R TP S AL T R, R, e RS AR
PR SAEFLAT T LPA AU KRR A X a S A Fe a4
At

WNE 1B FioR, B & I [R] (R 38 o, 1% 25 71K
XTEEINEE SR N M RIFWITAR BB, B ER UMK fi i
BERAIR, B R B T RETE A F) FE 3 I 4 & o
TE 8~12 h BB R (AR Z IR S e S e iR
W, 76 12 h B UK EEES S RE ik B i,
S 18.36%+0.55%. FEIX—BTEL, ZIRAEHAEYITER
RO T 2 ReLE G Zn? BTETESRE AT . BEE KRR
BERAEIIN, TR ES B L A IR, K F= ) e
B RBREREAREY . XA R BRI BT 1 2 1 R T
PIEATrAT, BEEALFHLH ZZ K& SRR R E T8
M2, BRI AARSE T RS 2 KT I . FERSIEZE
PR AE R, 1 R RS DR 2 9l 22 18 1 ok
TeifFet A LU 3R AR5 0] DURIFPY, FERET
AR 0.3% B, EEAR NS Gl Bl = (25.16 %+
1.74%) o X A[RIfH#ATLE pH T B A R BEr= ik
AT5HT, TEBHFAI LA pH A 9 B, W& KA ey
IEEARETST 31.41%+0.97% 0 TR T T &S
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A 2ol T, oA R B 25 A M T pHO . AP BRI RS &
I b A 0.3%(w/v) . FLER B A RS TE] A 12 h HLAYE Sy
SR 4 c I JE B A T A IR R IR SR A
2‘; o E . 22 BREFESYEEHMFTIE
o ; 221 SRR T RS ST T B (SEM) 2
St WLEE Z IKTE AR TE A 2T B, # 2A FIIE 2B 45
WL L )% T 8 B 1 RN I 1K 10 R T
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Fig.3 FIRT diagram of casein peptide and
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Fig.7 Rate of zinc dissolution of peptide-zinc chelate and zinc
sulfate during digestion (A) and remaining ratios of antioxidant
activity of casein peptide-zinc chelate (B)
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Fig.10 Effects of zinc-peptide chelates gastrointestinal
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Table 1 Sequences of peptides identified by casein hydrolysate and peptide-zinc chelates
[ SV 27 GRAVY  JrTit(Da) IREFEE ) GRAVY 7+ Tit(Da)

1 DELQDKIHPF -1.160 1241.616 DELQDKIHPF -1.160 1241.616
2 DTDYKKYL —1.788 1045.520 EKVNELSK —1.387 946.5204
3 DVIGPPEPIL 0.480 1049.588 KKISQRYQKF —1.800 1325.769
4 KKISQRYQKF —1.800 1325.769 LQDMGSDVIPEDDEERGEL -1.105 2146.944
5 KKYKVPQL -1.262 1003.630 MHQPHQPLPPTVMF -0.421 1691.803
6 KMPDDDSSCKLPKKSVHEL —1.168 2173.063 SDIPNPIGSENSGKTTMPL —0.663 1957.954
7 LIVTQTMKGL 0.900 1103.649 SDIPNPIGSENSGKTTMPL —0.663 1973.948
8 SDIPNPIGSENSEKTTMPLW —0.830 2216.054 SDIPNPIGSENSGKTTMPLW —0.675 2144.033
9 SDIPNPIGSENSGKTTMPL —0.663 1957.954 SDIPNPIGSENSGKTTMPLW —0.675 2160.028
10 SDIPNPIGSENSGKTTMPL —0.663 1973.948 SEYIKSDENVRKENKKERHGSA —1.800 2717.397
11 SDIPNPIGSENSGKTTMPLW —0.675 2144.033 SMANRGKDTNGSQFF —1.080 1675.749
12 SDIPNPIGSENSGKTTMPLW —0.675 2160.028 TDAPSFSDIPNPIGSENSGKTTMPL —0.708 2576.218
13 TDAPSFSDIPNPIGSENSEKTTMPL —0.708 2648.240 TEEEKNRLNFL —1.473 1392.712
14 TDAPSFSDIPNPIGSENSGKTTMPL —0.584 2576.218

15 TEEEKNRLNFL —1.473 1392.712

{1 Grand average of hydropathicity (GRAVY )il i3 https://web.expasy.org/protparam/ [ 3 7£ £ T, 671 {H A F R S K MG , 1E (ABR 2R i /K Pk

o

FERILP CNTEZ I A0S G R S S 2 AR N,
Cys HIFE, Lys BUFRIREL . Z2JIRIF 2800 (NH) Ak Ak
(C=0) Al AZ S5 FEBLAL™ . Glu ZREEHMIGE R IR
HA BRSPS AHTFE T S E I 2 IR
AN RS V2 REX B S H 2 DR A 2 BRI

I3 —J7 I, #B5T LR R S S RE RS, H
TN RS G W RORSE N | IR P E AN AS A R 45T
T HAT AR, 2D HOXH IR ST
5 I8 N I T AR e M M S B B WSS IREEES )
AR TTER . e 2 TARRXT S ok n 2 ik
FEANBEA TR, IRTEIRBE RS S I EIH AL R T RS E
PRSIz L]
3 4

A GE M) FH O 55 P ) 1% 25 P R AT TAL 2R
30 2 FLIR TR R I ARAT BB G Z2 IO 5 A R B S 7
il B KPS G W), FATZ IR BEES G 3 31.41%+
0.97%. BEEFIKPRPRILA . I B2 5T
Zn* (ICAL. TR S iE AL # v, KPS0
PUEARALRE 7 BEIH A Ta) S ROZ T T, b s 1
DL TR Y . M T R T, KPR S 7
1S A Y, Zn® AE—E R FYERR T RS ER FIRAg —
WAEHE . BRI, HUREEISE] 0.4 mg/mL LA ], IREE
PEY SR AIMIE RS, 2 ISR I R B —E
AL RENE . WFFEEE R A S U A s A5 PR D
FEFRI B AN FHER L T —E BRLA R
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