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PRI AR vl , 2R R, AL A 09 3L )LEL & ¥4 Uik (Infant Formula Emulsion, FE) &KL
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Impact of Milk Fat Globule Membrane Phospholipids Addition on the
in Vitro Digestion Characteristics of Infant Formula Emulsions

ZHANG Ziyi, ZHAO Yanjie, LIU Lu, LI He, ZHANG Xiuxiu', LI Xiaodong

(Key Laboratory of Dairy Science, Ministry of Education, College of Food Science, Northeast Agricultural University,
Harbin 150030, China)

Abstract: Milk fat globule membrane (MFGM) is a key bioactive component in milk, incorporated into infant formula due
to its health benefits. Previous studies have found that adding MFGM phospholipids to whey protein at an optimal ratio
(MFGM phospholipids: whey protein=5:10) enhances the physical and emulsifying stability of infant formula emulsions.
However, its digestive characteristics remain unexplored. Consequently, this study employed human milk (HM), a commer-
cial MFGM-containing infant formula (IF1, MFGM phospholipid: whey protein#5:10), and a commercial MFGM-free
infant formula (IF2) as controls. The objective was to investigate the effect of the optimal MFGM phospholipids-to-whey
protein ratio (MFGM phospholipid: whey protein=5:10) on the in vitro digestive characteristics of infant formula emul-
sions. Results indicated that infant formula emulsion (FE) supplemented with this ratio exhibited particle size changes
(mean particle size 3.28+0.24 um; HM mean particle size 4.24+0.31 um), potential changes (overall decreasing potential
trend), and microstructural alterations (both exhibiting intact fat globules and phospholipid ring structures). Furthermore,
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the distribution trends of free fatty acid composition and content were closest to HM, and its degree of lipolysis
(81.46%+0.75%) was also closer to HM (85.49%+1.89%), surpassing commercial IF1 (75.35%+1.17%) and IF2
(73.47%+£1.28%). In summary, the FE prepared under these conditions exhibits in vitro digestive characteristics more sim-

ilar to HM. This study can provide a theoretical basis for the humanization of MFGM in infant formula.

Key words: MFGM phospholipids; infant formula; in vitro digestion; lipolysis kinetics; humanization

+:ZL (Human Milk, HM) 7 (4 B BiF LLZLAE BT BR
(Milk Fat Globule, MFG) FJJEAFALE, A 2L Lt
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FEH V=8 (Triacylglycerol, TAG), & & 5 B i8)E
Y 98% LA I, Hogy FFE R IR IE HImAR . PAmEIL
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PG R I3, IFXTRAE . Ne AR AEAT s 7=
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FLELES FL Ay P 2 B MFGM RN %) IF & ok 3%
MFG Z5FFFa s PR AR -
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5 1 55K EHRSRIETERIA R e . Yu 2501
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1:1 B, FLRELAE S iR M BRAS E vk . Bk
FPRAR RIS S 50 AT o HeAE, AAFEE S G AN A]
Fe il MEGM FIFLBEIE s 1 2 ey FLUR i 21k
PEBT, H X MFGM FREL@EAR LbG1 2 1:3 B, ZRECHy
FLWE o) FLALTE PR FE AN 2L AR R M 4 B R U,

Pan 2511 S B 7 2 i o B vp B2 MFGM FITEL R 14
RIS I AT LA YRS AR FLIR A g i e, e85t
BIIIA MFGM, 5 In AZLEE AR, SR 57 A
S e ek i om, S 4l s g A S REFLE AR L,
Kk, #t—4 [ MFGM 520 A9 Eu ) B Hofe 2
FCAs FLI R G b e it s B G E 2 . BB T
B4 HM 19 MFG 4514 f 55, B8 T A [A) Lb 1) 1)
MFGM # i 5 2LiE 8 A A9 AH BAE A 48 HM
i) MFG ZLIR S . FUARPE | faE M P b iR R 0 45
Gz, &I MFGM #5 S5ZLIE B A AR 2
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/), AR E R Eus A iks E 167.77+2.51 min, 3£
LI BAT B ke M, 5 HM S nmAa R,
MFG U ZH B S5H8 MR T R/ N R 25 T 3
SR B LA T ALY, BT AR SR e B as hin Eu )
(MFGM #iflig : FLIEE =51 10) ZEECH Lk i T b ds
PR EL .

K, ARAFSE LA HM FPE T8 IF (5> B & A
MFGM #BRE AR Z ORBERE ) VE % HR, LI MFGM %
A . FLIEE A (MFGM Bilig : FLIEEH=5:10) . fEE
M. FUbE X B A Y i R a2 225 LE 5 0%
FyFL#& (Infant Formula Emulsion, FE), {RyE22 L8 1%
B P ST RSN AR, DAY NG R P FE B9
kit . AR L . ZREEE L. SR ARk . IR sh
J12 L) RS AR TR 4 A5 R 25 S48 b P e A
bl (MFGM 8§05 : ZLIE & H=5:10) F FE 5 HM
PRITEACARRIY:, S BRECH Db & R AR .
1 MRERZE
1.1 MR5EE

JREHAREZL (Human Milk, HM, n=10) a[db4&
Y 24~30 % BHARMEREE | JOAS R g A8 v LI Lot
AR, COATE I R BEFLEY TP 22 E
FAREE A AFRE Tl L A3 . RO . BRI 3Rk
L SEARRFIR (B ) TP EIG R EETT X HE
s FLIEE A WPC80(F MFGM E ) .« BEFEH
(BrhiEfgk) VL EZAEYAA IR Al ZU (B
%)  IWAREERAEYEH A RAF; 35 MFGM 1
AE AT FEEL JLTC J7 W5y (Infant Formula 1, IF 1, #05
>k ¥ S MFGM B ig s MFGM #% fif 3L 16 &5 A
#5:10) . AEI MFGM B4 vl 322 ) LIRS J7 0583
(Infant Formula 2, IF2, BEERIFE- N K G IPHENE) E
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PO S R (M —BE 0~6 H ) &5 . L. IEC ke
Ak (g aigl) RKBEED TR A RER
Nl gt (Fast Green, FCF) | JE 22 4T YL .71 (Nile
Red, NR) . N-(F|5= % FFIH B ik ) IR ms i me
ZEEHE(RA-DOPE) . S HBWIAf#(30 U/mg)  PUARIGEL
TE R A A A IRAH 21 FEAniCc (PR1930) |
JBEEE A (250 U/mg)  dbEt &SR A R 75
JERAE i (30 U/mg) . 37 PR FF Madrdi i b
IR 2E YR BRA Wl B A (3000 U/mg)
POZ b T RS A 42845 (0.67 mmol/mg)
R A SNV A BRAA R s HARIESR (F4 2 53 A aligh)
E 2GRl BRA S
Nano ZS 90 FASFIEEANL /T FEE IR LA

7] ; Deltavision OMX SR 8 & i fss 35 E GE 4
H]; UV-2600 5240 AT WA B AR PR
Nl BXS3 BHMF L IE B B URIR R 5 BEARE T
(P ED) A BR 2 7l ; MARS40 i % A8 (Y £ H
Thermo 2\ El; DYY-6C LKL dbEi/s—A 9k
HFRAF]; AB SCIEX TRIPIETOF 5600 PUZAF AT
Bfa] BB B BT i AR % €& AB sciex 23 FH); Agilent
8890-7000D = PUKFF TR ZLHEIE AT
H1750R &R R E DAL MAGEL.OHUER S
BR 2\ 7] ; IKA digital T18 ULTRA-TURRAX 55 £ 41,

W ARANARF A RS F]; SPCH-10 =5 R R AL
YL[E ATS A,
1.2 EWHE
1.2.1 MFGM BiERIEEEL  MFGM IH#EHZ2 Lu
SEMT BT v TR AT 2 AR R, FF 5 g BRFLINA T
100 mL EKE-FoKA, @144k 1 h LIS EL, I3FH
FRIEMR M (20 mg/mL) AT BT, #£ 4 °C R % ad
W, WA FE 50K & o SR G B W 3 0 1
4750%g BS54 T B0 PR IR, BRI 20 min, SRECELAE
WilZ o K202 AR 25 SRR R £R 22 v ik
(0.1 mol/L, pH6.8) IR G I-ZZ 121+ 15 min, )5 LA
1500 r/min 5.0 10 min Ji5 2= B /KAH 2% 5T (5 B8 35 A
K2 IEEM) . HE Bk PBS RISRT 3 Wa %A
B ALK ik, SR AREEES L 1 h(4 °C, 12000%g), W
EVLVERNTS MFGM. MFGM #5 3RBZE % Liu
LU I TAE R, B MFGM #5455 4 54
RS/ P EE(2: 1, viv)IRE, FTFHE 4750xg T ES.O
10 min, Z83 0.45 pm [ 38 B9 S5 ZAE 7100xg 11
FA R ES Ly 10 min, $EEUWNREAE 60 °C FZEA T
o, SRS RV DS R s i, WAE DTE ) I e S higs
iR, T 153 MFGM Bi5 .
1.2.2 32 LWL 77 W5 K ZL R (MFGM #% g : 2L W &
H=5:10) By Hl % ZILE T W54 L (MFGM B
A5 FLIEE =510, Infant Formula Emulsion, FE ) [/Y]
Be T S5 A BAF I AR Fll Drapala 26017 3B 1Y)
T, A I 2B ) LT ok L v A 2 P i (LY 2R
F1:BS 2R 1 =6:4) . T AR K AL & 952 44 3 R

1.55. 3.50 F1 7.00 g/100 mL. %G, 7E Zhao 2519 11y
FFE LAl -, K MFGM AR 5 FLiE 2 (1 DA Eu i)
(MFGM # g - FLiE E =5 10) IR A, AWK E A

(0.62 g/100 mL) FIZLHH(7.00 g/100 mL) J5 T 25 °C
MR R DL L 58 427K 5. 1 mol/L
NaOH ##7 pH % 6.8, & St Bt (25%,
w/w) . BEFI1(25%, w/w) . KIEIH(15%, w/w) . FK
M (15%, w/w) . ZRAF T (10%, w/w) F1 2% T8 F7 7l

(10%, w/w) ) ¥ 1:9 I LB A RL B2 &GH T
IKA S5YIHLYE 8000 r/min AL 10 min, 3 H & &
IFHLAE 20 MPa FALEE 2 ¥k, LA FE, 36 Arfs
FLU#E pH P2 6.8,

1.2.3 ML S BB ARSMNE SR s ST

PR AL B L I A, N T RS LIRS
ARABEARUCO2N i H pH | Ji G P M BE 5 2L TE Ak
FagominiEir, 2ILHEAAS . BHUE W (SGF) | 15
U (STF) 4L 1.

# 1 PRINEAERI RS LIS S5 B E W (SGF) | AR4
Ji7 9k (STF ) 41 ¥,

Table 1 Infant digestion parameters, simulated gastric fluid,
and simulated intestinal fluid composition
in an in vitro digestion models
M SH H AL oA
TH AL 18] (min) 60 120
pH 53 6.6
HIEWIAE(19.00)  BEEEARE(16.00)

Jrta i PE(U/mL)

B E 1B (268.00) JHRARTEE(90.00)

fIRER 3 (mmol/g) faER(3.10)
. . NaCl(94)
1530 H % (SGF, mmol/L)
KCI(13)
NaCl(164)
o KCI(10)
FE4D% % (STF, mmol/L) NaHCO,(85)
CaCl,(3)

R B AL T BE: B 25.2 mL 1AL LUk (1IF1 .
IF2. FE. HM) F 37 °C i #¢ 10 min, R J5 fin A
14.8 mL B Hi# ) SGF, VA R pH = 5.3 J-1E
37 C {£%F 10 min., JNA B A5 Wil (30 U/mg) Fl H
T HMF (3000 U/mg) T 37 °C X, A 0.1 mol/L f¥
NaOH i 22 i 2 19 pH RIFAE 5.3, @ TARSMNA
ALFT(GO) . B 1L 30 min(G30) . H 41k 60 min
(G60) Bt Fh o3 e st LA S/ 43T, 11k 60 min J=,
S 1 mol/L NaOH ¥ pH #2£=2 7.0 21541k,

Bz AL BE: B 27.2 mL ik B 467
55 12.8 mL SIF J&4&, I A 0.1 mol/L f NaOH fii {4
# pH PRFFLE 6.6, IMAJREREE HAEF(250 U/mg) . JEHE
Wit (30 U/mg) . IHER(1.33 mmol/g) T 37 °C &4 F
S L Az I A, & W T 54 60 min(160) | i
HAE 120 min(1120) BCH F 43¢ & DL & J5 B4 07 o
THAL 2 h JEBKYE K, Z1k00 o
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1.2.4 ki S5 E A HBEORE 53HT U
Zeta FELAN ASCI A2 714 A A R o 2LV R R AR R LAY AR
o FERESFRERE 100 455 FH A, BRI e
25 °C TiAT.
1.2.5 FAURSSHMES  ARYE Sun 2522 By
=53 AR T LR P R BT AN AR BT TSR, I
FYVEVE S (M EE N 1| mg/mL (D5 ECH]D B9 Rd-
DOPE #ricilzK S BERR, W2 1 mg/mL GEEZE
KB FCF FRic i 5 i 25 1 R, WM 42 ug/mL
(ZEEPEE ) 1) NR pric thPEG BT . oKf 25 pl Rd-
DOPE 5 200 pL #4544, 100 n NR Fl1 250 pL
FCF 45 0.5 mL FESR G, BHE G FE M B T3 RS
FRAE 1 he B 7 pLIREWEEIE A b, 553730
e LFE I, LABT AR T, 7 25 °C T
22, LA b =R gL a0 X B 10 3Ok A 43 R 568 .
488 Fl1 639 nm.,
1.2.6 FEEEME  FUaE A RS 2R
R H A A IR s, B 40 mL ARSI
A 50 mL BELE T, T 4 °C AT L 9000x<g
PR 5.0 20 min. 0SSR, (SRR 5B T
JZMLTEAH, PR L2 0 mAR A AL EE 15 min,
SRIGHEHAE 45 C FOKE hEfl, 5L 3500=g 2
> 10 min, 57 FEAH, [FIEPE T2 5807 -H e
(2:1, viwiRE . BJa, BIRGYTE 3500xg K B0
10 min, " a2 & FHRTAR 1, SR e SR eN-
TPV TR RECEE I B UK 7538 o
1.2.7 HEf#sh I
1.2.7.1 JEf#RE B SN A i B2 b i S i BE
(Lipolysis Degree, LD )il xE >R FHSERTHAE 1 7744,
LD LA =R A 46w Ak 1 S5k S50 43 R il 14 Ui
BN W i) Le G 5A, (6 pH-stat W 2 P, 2
FFA x MM,
"FCxVx2
b, MM, FORFLIRAF-E HHh — AR AR R ot
(790 g/mol), FFA . FC. V 433l AiF BB Wi R (mol) |
ABWTHE (0.035 g/mL) . FLBAFI(mL) .
1.2.7.2 WrEIBIAIR R IFESNE TR (Free Fatty
Acid, FFA) Bt il i LR B Wi i A f vh 4
£ pH ANASFTNEFER NaOH AR FRSR 44, 18 pH-
stat {2 I, 2=0an
Vieon XC:;OH x 1000 ® ()
T, Mppa HEANAR LB A NG T R 5 ek
(pmol/mL), Vy,on MHFE NaOH K AFI (mL),
Craon N NaOH ¥ % 19 B ZK ¥ EE (0.1 mol/L), V 2N
HAEFLIR I AFR (mL) -
1.2.8 VEENBIRA BN E =% Yu EFP 771k
ST FLRTHE AL S I S IR PR 4 Bt 73T . K B

LD(%) = x 100 = (D

Mg, =

AL EAE S P R T 45 (20 mg/mL), A3k
JE WFEBAETINA 2 mL BEIF-SE05%5 W, FH 8 mL 114
=AW - EEE U (201, v/v) P NG B, B
12 mL -2 Bk (R R & ik 2%) Vel e =S i
TR, BoJa FRAFIRT . $EEA AR L i AL g
(RS- B ) 3SR N S N IR PR R,
0.22 um A HLIERLILUE, R GC-MS 43741, ARIHTR
VR LS 37 FPIR TR F ERTE S AR ST L
12 PR IR U — b H A BE T I i AR 5

GC-MS &5k #FRER 1 uL, 43Rty 10:1; (2
%4 DB-5 #: (4% 60 m=0.25 mmx=0.25 um); JH&E
F2)¥: 150 °C 2445 2 min, ZR)57E 5 °C FFHE] 250 °C,
P47 10 min; AR, Vi 1.0 mL/min; HL 3%
RN BL B IR RS 225 °C; SIM 44
HTFRER N 70 eV, S HLE 1.5 V.

1.3 HIEAIE

A EAE TR 3 IR, VB fE 22 1 T3R
75, f#JH Origin 2022 #17 E F£ £ Hl, FFH 1BM
SPSS Statistics 25 #F47 2Z= 50T, W3 K-4 0.05,
HHr, P<0.05 FrR2ZER L.

2 GBR5SH
2.1 B)LEHIRMELREARINE TP RET L

I H R UG, SRR ST AT I LI NRTE o3 A1 T R
A), MRS E MR, e 1 FnER 2 FoR, Ak
FFUART, IF1 A1 TF2 (pRiAR 8 S S (1 Bl 504, 3%
B 3 R R 0 Fe e PR, S RLAE 43R 0.35+
0.01 pm F1 0.39+0.01 pm., FE FRifs thig 355 A% o
WE53AR, SERPRIAR N 3.28+0.24 pm., HM E 1555
A, FEAE 4y B SRR 1,17, 4.38 F1 39.6 um, 33X A
HE 5 78 K2Rk HM AR 5 o0 0082 3] 1) 58 72 743 Y 1]
(0.3~15 pm) A5 KPP HM PRI K42 Dy - 4.24+
0.31 pm, B35 T4 FE ZL(P<0.05) .

RS B b, i+ pH ASE 4T AL
BEEEIFE, LI P IR AR TAG ¥4 T RIFRE
BERERAE, S BUITARE RS MM R T A R
HRIPRAE AR B IHILBTEL, IF1 A1 IF2 (kL
fe—EIN, FAE G60 B Z ik F F KAH (TF1: 25.62+
1.80 um; IF2: 33.79+2.62 um), U BHFLIR AL O 7R
1 SRAE BN G R TH 22 5 I G e A FH 5, 332 PR ATAS T4
ZLLE AR AR pH 215 B& 85 1 1955 H 5 (pHA4.6),
Y AR R A R B IR AR FIDIERY . HIF1 7EIH Ak
SRR PRAR IR L W2 /N T IF2(P<0.05), A e
A IF1 FPRANAY MEGM. | Fr T 1 s fa oA P 5
(BERRTIEAILESE 5 Bl g 0k 22 22018 ) Xt i 1 ik LA 568 v 114
W BFF &R, (EAR T S 25 25 5 MFGM YRS TCT X
5GP IR BT Ak, VR T IR TR Y ZLEERT, i
FE 7 G30 F1 G60 B Bz ¥4y 52 B X534, Ride KT+
HM Jf i /NTF IF1 Fl IF2(P<0.05), A] e T8Ny
MFGM #B R 1E S ZLAR I R8T 15— M o iR &
o, EAEME T HERE P, SRR pH R AR Y SRR
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Fig.1 Particle size distribution during in vitro infant gastroin-
testinal digestion

1 (a) (b) () FI(d) 433132/~ T8 IFL. IF2, FE Fl HM 7E4K
HMF AL R P AR 43 A1 GOL G30. G60. 160 AT 1120 4371
FRPRSMEALHT . B 4L 30 min 1 60 min, 7 {L 60 min
F1 120 min,
M, YDA IR A, B2 AR /N B A kr
%o HM IBIERIGRIAS AR LR /N, GO0 B ik %]
B HAEN 13.93+0.58 um, 577 =FHZALFRE A .
HEA NG ALY BES , TF1 Al TF2 B4 RLAE AS Wik
/NH 3 /NF FE 1 HM #96i4% (P<0.05), X5 Yu
LRV ST R BARTE] . FE AORLAE S B K, IR T

# 2 BHUMASNE L I i R - iR
Table 2 Average particle size during in vitro infant gastroin-
testinal digestion

THAEBT B
GO G30 G60 160 1120
IF1(um) 0.35+0.01° 14.75+0.87° 25.62+£1.80° 9.17+1.04° 5.12+0.28°
IF2(um) 0.39+0.01° 22.98+0.70° 33.79+2.62* 15.00+0.19° 8.80+0.99°
FE(um) 3.28+0.24° 11.78+0.29° 20.87+1.50° 26.64+1.67° 11.40£1.13°
HM(pm) 4.24£0.31° 9.21+0.97¢ 13.93+0.58% 29.03£1.22* 13.88+1.01°
F: GO, G30. G60. 160FN112043 R/~ M HMHALHT . B30 minfl

60 min. 14160 minFl120 min; FRIFIAS 6] FBEF ke 5 2 AR TE B 35
P25 (P<0.05) .

FEdh

160 BB 7 H e R AR, 2 26.64+1.67 pm,
F| 1120 B HAGUR RS i) ok R s/ N m]
BB th T IE AL = 2 TG PERRAIS, N5 I A gl
T v AR TSR A 3, R il Nk 0T, T R
MiE AR R T, AR SR SIS pH T, 2R
PSR AR A R pH T &2 A i B Fnoral, S804 7L
Wk AR B /N E] 10 pm 2244, HM 5 FE 1Y)
RIARAR AT — 3K, HL 3 M B XU EL 38 2% 53,
BRI TR B/ INIREARS DX
22 ZB)LEHINMERERINEN S IZFRAT L
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Fig.2 Changes in zeta potential during in vitro infant gastroin-
testinal digestion
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Fig.4 Changes of interface proteins during in vitro infant gastrointestinal digestion
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