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Research progress on efficient separation and purification technology of
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ABSTRACT: Human milk oligosaccharides (HMOs) as an important functional component in breast milk, play an
irreplaceable role in the nutrition and health of infants and young children. With the deepening understanding of its
biological functions and the growth of market demand, the development of efficient, economical and sustainable

HMOs separation and purification technologies and their alternatives has become a research hotspot. This article
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systematically reviewed the structural classification, biological functions and efficient separation and purification

technologies of HMOs, including the advantages and limitations of chromatographic separation technologies such as

gel filtration, ion exchange and simulated moving beds, membrane separation techniques such as ultrafiltration,

nanofiltration and membrane integration processes, as well as purification and separation technologies such as solvent

precipitation/extraction, activated carbon adsorption and electrophoresis. Meanwhile, this article also reviewed the

research progress of HMOs alternative development methods, such as microbial fermentation, enzymatic synthesis,

chemical synthesis and new biomanufacturing technologies. Through quantitative comparison, it provided a reference

for technology selection, and prospected the future research directions, with the aim of providing references for the

large-scale and low-cost development of the HMOs industry and promoting its wide application in the fields of infant

nutrition and medical care.

KEY WORDS: human milk oligosaccharides; efficient separation and purification technology; alternative

development methods
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FERRIORE LA AL T oK . FFR AL, 40 . IR A
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HMOs J&—FPe5 8 22 EHE, 81 HMO ¥t

Wit (galactosy-f 1-4-#&MHMIR, 5 5 FhSLab s (ts
D-7%0E . D->FRLBE . L5 5E0E . N-C A HE e A N-2 Bt
P2 R ) I — B AN BB R A 45 A RO, HMOs 1
Iy FERE, e 1 R

HMOs R A S i3 A, ] 5k ok 5 S 561k
HMOs , A0 54k HMOs FIfR 1 MER 2 1 HMOs 3
K (D) HE SRR HMOs 19450 5 R oK ok 5 A
WE(UN 2°-FL . 3-FL. LNFPI), H 5 HZH 35%~50%, H
2-FL &, Qs sk HMOs 1251
FMOERU&A N-CBEA (W LNT . LNnT), &Lk
42%~55%; (3)RPEMER R 1L HMOs AL A4 R R AR I 5 A
M R AR L (N 3°-SL. 6°-SL., DSLNT), (5 12%~14%!*1,
HMOs (1 FEL5H 7328 50E M, g 1 s

LT IAH, HMOs BYZ5H ZHEE I RER ek
(IR, R TRE ISR G B Ak VR AR L) e T oA
fa AR TCTEME . HORe SR A B A5y TR 25 5 AN, AR
At HMOs 75 401 ) LI 3 TR 4 vh & A O A, e
Wt HMOs B3I 8l 22 & R T g, X —25H4-2ihk
SRBE R T BT T AR
1.2 £¥FIhee

HMOs 4= Y124 D BE R S8 W T8 Sl A S s | ey iy
B4 B BN SR TF, AN DIRERIAEE I EEA, HER
Z IR ARSI | SRR 2 I AR BA S J2 T B IE T
R, BAEFBLE PR A0SR TR A

(HzsAEJClEH

HMOs £ 25 A2 18, R AR SUSEAT 1 5545 25 BRI Y 27
VEmR IR RE R IR AR, B R T XS B A . fE It
P, g 2E A A FLR K A6 i T R (short-chain - fatty
acids, SCFAs)%5" ), ANUBEMARNAIEIAREEM pH, W
KIGFETE . V1T ER TR 55 S0 TR0 e i, 348 RE 38 3 s - il
Jo - B s w4 B AR . (EA R, RIRZ5H HMOs



134 B 2 4 AR I 27 4 £1746
A N £
s i p1-4 p1-4
A3 p1-3 13 pl4 p1-4
al-4 [O 0o I 0—@ B1-3 B1-3
’a2-3 p1-4  Jp1-6 81-3
02-6 n=0-15 p1-3
N-ZBEFLAE L LNT (1%4#) LNT (2%44#) FUBE-N-7S
c pl4 1-4
p1-4
al-2 al-3
2’-FL 3-FL
p1-4
a2-6 | p1-4
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FE: FLME-N- PO (lacto-N-tetraose, LNT); 2’ 3 fiE A FLIE 2 -fucosyllactose, 2-FL); 3-# M M FLIE (fucosyllactose, 3-FL); 3"-HE W FLAH
(3’-sialyllactose, 3’-SL); 6 -MEV M2 7L I (6 -sialyllactose, 6°-SL); FLHH-N-# 3 Fl(lacto-N-fucopentaose, LNFP); - ME VY i ZLAH-N-PU A
(disialyllacto-N-tetraose, DSLNT); M FR 1k #L-N-PU B#(LS-tetrasaccharide, LST).
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Table 1 Primary structural classification and core

modifications of HMOs
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s 2-FL ol-2 - FLpE [7]
HEAL 3-FL al-3 - T (7]
WatEmRg 3°-SL 02-3 MR -FLBE [8]
R Ak 6’-SL 02-6 MRV B2 -FL I [8]

b B1-3N-Z e A% 1B

B n 14 F3L8E- LA o)

1 FUME-N-37 DUAE (lacto-N-neotetraose, LNnT),

(035 A CIEVEAE AR 22 50 20 -FL XMLy 88 SO AT 11 F) S 7
HORBET LNnT SEh P A 3ipi iE 4k HMOs, X —4F
St Dy fe S BRI R AR TR, R A HrA
H, METHFSE Z 06— HMO % AR &CR, hiEEFL S

HMOs 53 F 2540

Molecular structures of HMOs

[7]

HMOs J&LURA IR Ar1E, HpEVERIBLE K sl
AT S A SR 5 O A
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URASHIMA %45 HMOs AT /R <12 14 FH
Wiema . e RE S e B A A, Ty, RAY
Mg BF et —AIE 52 HMOs ] B H2 0 0 Ji % 200 i Jie
SEEEPE, R T HAER AR . ARG HMOs £ #9955 i
WA SR 20 -FL A ARG R . o 200 2 A 410 ) 2 SRt
3, i 3°-SL. 6’-SL 4FMEE2 1k HMOs T X i1 38 45 Jf s
B OO R S AT X, MOORE 25U 2IF5E % 31, HMOs
ATREARZP A AR AEIE B R BEER A IR, (R 42l S A 1
fBREHR A N A KIML S5 1 2°-FL A3l s o403 s o
BEINRE . WG R, SR R BB ER £ (dextran sulfate
sodium, DSS)iFEF TGS &K o WALk, BV B
5822 B L UL R AR, o it 24 T ok i PR D AR (g
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TR B AR M A A, H HMOs S5HiE Z i P
ERWRIR D, X IR ST ReH RS T 7.

(3) sy

RAY M iF5E 55, HMOSs S 602 240 i f 8 5 76
EMZHEE: HMOs BEMS A TR SR AN . Toll #£3Z1{k
(toll-like receptors, TLRs)F @ 4T 4%, V- Th1/Th2
FNE, %I 489, URASHIMA 210058 i HMOs 4
B s KN, B P T s AU AU — 4 4, HMOs
REASIE 1L B SR AN . T 20055 S e dn it i vk, {2 ik
J TE R REBR AR (1 A 4000, 13 286 B B 14 G 2 97 4 R
J1, WAL ORI RAE SN ;. TRIPP U /N FUSE R e B
#h7E HMOs AT Z 4R TS5 N SR . TNER . T B25% SCFAs
K-, SERLEE G R R AR s A Ay ik,
PR A B e AR A TR A . sl A, Y
G5 15 B 5 22 B F Sl W AT AR A A R S, I R
BaAxTEE =, AR EL . RO AHEXT HMOs 11
G 355 W) IO 25 5 1 R W, 5 OF Jie o 2 BA B F 9 06 F L 5 E
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(e ks B i h g

TREET SIS 1, HMOs REREE b 25 A4 ek PR b (e it
WL v SUS AT T AT 25 A A, i 5 i 1 T R
ARV TS F RGN, R R L g, TR
TELER A2 T 25T, 278 HMOs(Wl 2°-FL, LNnT)
FEURGNAEE LI S A7 rh Y R S 2 B T SUBE AR R 8, B
8 A 25 ; BERGER 417 1 BASI 5% & B, HMOs
REAERr SV A 0 DU AT P 55 25 D 3 4, sl R ™
Az SCFAs, B3 il ik 4%, FAN 26U W] HMOs 1l #2
FHHIERRE o ZFEME, S0HHL 200 ; URASHIMA 4510
MZE, HMOs 8 3 {2 UEBR TR A6 . I B i 2R 1 Rk,
PETHHIE bR Bf B, BRI LIRS/ M 45 1 4%
(necrotizing enterocolitis, NEC) ) A9 KU o 3l 1L 43 #TIA A,
MFIAF I 2 F A T 2Lk sh A AL, HMOs X i i
B A58 005 (A 2R RE T 1 9 ) B 48 S WL RT3 TR, FLR [l 25
H) HMOs MB & %0k 2 RAac Kk, il — 45 i i s s vk
53 F

G etk &

HMOs i f-WishiEm ek s, X— KT T
HAAEH T I8 915 580 A1 . BERGER 28U g9\ i f1F 55 2
B, LNFP I Z5 3k HMOs 532 )L 24 A gk
HIRF IS EAE; T FAN ZEUSIHE 538 28 B /R 9 1
R /NEUBTRLL B, HMOs B M35 101288 ), $m
HMOs ] fit 38 13 7 - i i 5 TA %0 2 fi 7 A LA 52 i
URRUTIA-BACA ZWEBE S tafffserh, M1 2 HiiESE,
IV R LW -N-PUBE b (sialyllacto-N-tetraose b, LST-b)A]fi¢
HEIZ Zh Al 28 T o165 28 b B

SR, 4 Wi ki & B A g AT Ak T4 25 B BE, HMOs

2B R A LA A | OGBS R R R A 22 R A
HOR AR, W e Ry AU A BRI RIERAMT
5o XL I RRRFEMAS HMOs B0h B4 LT 5 £ i
HANMER BNy, R 4 T 25 Fh DD RETE £ i AR 25
Fean iRt T RIRENE

2 BHSBERKRR

2.1 BE#HEAR

EMTHARSE HMOs 43 aifb iz O F Bz —, ki
Ay JEHIRT 43 B AL R ST . BT 2 M AR
IREGESE, &FRFEARNE A RS T e 2R 8%,

()EERE L IE J2 AT

TR B3 2 AT (LR R HE BEL €233 ) 2 7 0 B L v 43
B HMOs MW7, AR5 F R/NRTEAR A T4
URASHIMA ZUOWEZiik shig iy, S0gb = MBLH 4 HMOs
B, ERAAR A HMOs Al EFE EH RIS G-25 %
ISR BE RS P-4 SEWEICHE A 4018, WA SIfRTE HMOs
SERLTRIBE, RS S HMOs, iX— g SRR 4 F
K/NJGH; CHEN ZEPOCRFH 2L A7 SRR IR 45 A i RORAH
38 FE e I H R X HMOs JE47 & P 5 5 B0, i
S SRR AT S T T RT 4 B DR, R T
[ 3k EAE HMOs 43 Hrift 2 P A JE fidi 137 ; MOLLOVA 4521
R A AL G BE A 5, {HAE HMOs (32 US4k
FER AR T RS HEBH AY AR, 38 2o [ AR A O 5 02 B/
Oy F BB S RO, UE— 2 R T 44 KN B SR AR
HMOs ilill £ H I RELE 1

SR, FEGEBEE L g IZ M AL AL /N | FERF G | PRI
IRFRI, AGE AT 000 = KU &, LI R Tl kA 7=
TRk BB BB TIAN, HAZ OIS T B A
(AL 38—k S AR R A, Aok vl 3 3 ik 5 e e
(I A Z UM RN IR T4 B AR S AL B, 505 A B 4
RECH, FEwI o B AE A ik i A A R

Q)& T34 2T

BT A2 MR HMOs FIrs v fof 22 S b A5 90 8,
JUHTE A B 23k 5T ali Ak RV R AL IR T HMOs. ZHANG
E s SN S R LN QUINZS S a1 b i i Rl AR )
JLE Wk i 6 Fh HMOs, 455 W Rl e i 2 1k 1 R 1
HMOs (3>-SL # 6-SL), %) &R Kb &4 PAL
(CarboPac™ PAL)IMr AL, LAE A AL EN- 20 R 4 1 e i,
REA R0 B )8 SR ME HMOs, 18 T MU I ; GAN 2603
6 HAZ R AR W 5 A 3% (S KON A ) BE 4R
FHAFRYE HMOs [ tE; PERNA 252308 By 75542
MroT i Falitk, DL2eBRiniik & i ik fae i, Mmisk
B AR E HMOs; DUMAN £8P0 Ui B 138
P Z P B IRYE HMOs BAT 3% T H., PR RE AR s e v 12
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FH1TE

BRI 14 70 P 10 T B IR BT 5 R I

B F AR A R T B $RAE T (8 | S ARRRE ,
{EA77E B B SR BR: (1) pH . B T3 A5 S 500 43 B R
R, 5 A e 7 TR 9 S S I RS HE R ()R B AR
TR T AR K B MR AR, SEIER R A . A HTIACH,
SR B L 55 i B 1SS A R P R AR BTN AE,  FLARETH o0
2lifE, FRUIPIREECE RARTFZ AR T AT 1 B S i

(€)L2E7E s %5i)7 SRR

LB s R & 3% 3% (simulated moving  bed
chromatography, SMB)J& it 41 3 Jie e > 1 7% 22 2 1% 43 15
HAR, FRBE A F oo ook R TAL AL . SMB
B A 1 ASE DL 52 A 5 sh A A X A2 Bh, ST P SR
ForES, RRPERE T oy B RCR A= Sl i, BRAC T 75000
FE. VAN-IMPE %2445 —Fift SMB &5 L Jr ik, REWS
/8 R G A = AN N 7 £/ Y1 R [ RS S 1 oY s
SELER AL R R 2R PRI T 3T RO s 1
SMB &l Jr ik, FExt 248 BRI 10 R GoAR BT SO 4 i
i, BETHARE A CHEN 5000 HI 58 7 SMB
iSRS 3 M4 B, R oSl i R b A 2 e b
N, PR T BRI A YR A AR LR
LiRT SMB MHARRNAS @ . A . B SMB)
Akt i, 46 H0F LA 3 IR (sequential  simulated
moving bed, SSMB)7EJ/IRIE . &5 40 25 2 vk 1 AR
#, JAFARZADEH %P R 45 (45 T SMB 16 # g A4l
FEHr AL, 48 H A EE e (0 3 B B A R AR
T RITHFERI R

SMB H AR XTI AR HMOs SRR 85 R Himh
FROEH AZE AR AW RIS () BRI e, PRI
T ML R R Q)RS PSR, DL ARHE R K i A BT
S, 454 N T8 BE(artificial intelligence, AIGEEMIESEL
PEARASERY, A i 2 AR A W, i T R BBk SMB 13
VU RE R BE 1 TAE, ik 20y HLAE v/ INRRASE AR 7 v B 1o P
22 BoBEEA

JELOy B AR AR (. REREAR. JCMIAE . 5 F
RS, B HMOs 4B alifb i E B A, 2
FEEUE . e XA A T,

()HEIEH A

AR R A AL B R, R HR A TR R AR
PERBRE AR . KA FRBMEAEY . GUO P ss T
R 0 A R A IO P o B (R A M B 2 B R B, H
BT AR, M5 30 kDa (RC-30), RC-50,
RC-100 AR B, K5 4> T & 50 kDa (PES-50) 4 Fiifi i
FEAE AR TR B 7 A i 7 3 i DA R 2 P L AR 7L
TR I 2L U8R, AR IR AR a0 s v i N AR I T S B A
fi; PERNA 5PUFR T fe2R AL h WA 4 ) HMOs 1)

D5, e TR IR Sl Ak nT R RS I (AL DR B R
Iy FIRIR, MIMSZEL HMOs (53053 #5; URASHIMA 210
TR RGREET HMOs b Abaifbiife, Hrbani
Sy B TR L U (S I8 5 B D ARG A, IR
Or AR ATV, AREIEHRTE HMOs BIUBLfE 4R
g R FERAE T 23k BARNUM PR - 47
HMOs [HF5EH, B T ML P, 4ifk HMOs
MsRe, Hoh s BOKEEEUR i85, R HiEA 24 e,
RRRE Sy B ARAE L BR M | (355 2 0y T R G A A

BRI, TR HMOs S53UMFREEEAn S
OB, R AR IR B RCR A B, R S NE . A
TSR AR . Wi, BIEEARMZ LM EET
A BB B R AL SR 2, BRARIG S L2 s, Tl fk
L FH 1 SR T R R TS Yo MR RE A Ak, PT A 2 T ek
PECN R AR 2 )5 TR 6 1 A7

Q)N uEH AR

YR UE AR HA THBUE B E Z [ R 4 T
1#(200~1000 Da), 7E HMOs 43 4lifb 5 B H UER 3,
YRUEREAT AT Aoy B AR . O S ARERME, SCE HMOs 19k
ALtk WANG ZEBUBESE T 3T Kb B & B A 1
2°-FL i 2lifb T2, SR U8 (R A5 AN ) 25 6 16 M e e e
B 2°-FL 23T & 90% A |, T4k Fifatifb i
HET B % HOFMANN S5P2VEE X 7Ubs 5 2L B d vk
AR FEIE T NIRRTk 5 R A5, B AR ST % Gy LR
L8 HMOs, [HHANUE T X SRR RI1R B 5 e 4a HL I %
HMOs (47538 HA S % M {H; ZSCHERPE B84 T B
B-ANIERERIR R G, T4 IR FL W 4i Y, J&n T 98k
FEFLA 3 B A O FH IS 1, o HMOs I3 i 1
BET TR %,

YR uE Bt AR IO T AR, BRAE IR BERLR, AR TR
HMOs PZEY e, (ATEIGREE e . RerEAs e 5Pk .
T3 X FEAS TR AN 8 RS 1) o S8R R B, W e AN I R TS
Yotk Fde E ML T A MU, (DA, 1A ML B RS

AR R 22550k, il i AR E S RO 2 R S
& i o
G TZ

AR & T2 AN TR B R PSS &, T R4 A
g, SEBL HMOs Wl alifh, & WA A0t
FRUE-NUE . ANUE-IBUESE . T TN AT R P e A B B
Yl TR BRI E LR P Ak 4i 7L, /li@ Ll 10 kDa
IR R 25 750 Da ZNUE AL B, R0y B AR R & i
SR 63.80%F1 96.45% 1™ il GRS IR I IR AR 45
A TR o s ai b o Tz, BT R e b Al
JE AR

BRAE R T2 ARAE T 7 B WA, i TRk, (A
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TN T B AR AR R L il AR, R -
i HL T AR T T AR R 58, T SEER PR 2%k -
B SRR AR, HOCHEE T4 M0 T 2S5 Ve il i ik
(B UER R o T = 590 E - T RWENAE), LLERIR
BRI B RO A2
23 HfEoEHEA

B T2 MR B R, g Hoph 2 ROy i T
HMOs M5y gsalifh, £ Bprafnig s, ACEELER
PAF 3 Al B H AR

(DEFILTE /B

VAR TV /AL O] HMOs 78 A [7] 785 71 vh v i 18 14
% J AT B Aifk . MOLLOVA 2PV I 2 B e a4
[ AH 2 B BEFL A 3R HMOs, i BFFR T — B 58 8%
) HMOs 2 BUR R, 1 e ad B0 BRI, BEJE A 2
ERBUR CEAE 4 CULTER AR, P4 - LR T EEAb
O bk FLOBE, B S R A OAR AR HL 4l 1k 3E OB
URRUTIA-BACA %" % /K AR A€ B R A #E B 2°-FL,
EF XL A T S ZE U a8, i E BAR AR T LUK IR
B AU AF (AT B O] KRR . BRI A 4E), 52

BT 2 -FL B m Ak mllie, 5k HeAl 5t 05 itk 50% H #2835

CHEN ZEPOMZk £yt v S5 i3 AR I HMOs, 588
BRRAE . BEEE (& UL TE A TR WAL B LR AR, Bl 3
1k 22 LA SR I B R RO £ - S T AR X 2 ol
HMOs #E175@ M5 w0, JR/R T3 51 0VE 7R i
Ab B G HREAE

VSRV B, AR, (RO R, A
AIRES A ML R 3R B e, iCre Tolk Ak R A eT £
PR R RERE N, IR RS . TR IR G5
B R Al SR A 7, W R G A B,
WS BB SR .

()1 M e W 2%

T A5 02 903 R T 95 A % Xt 285 0 100 W o A e
TFAE, 18 HMOs(JU L& 2°-FL)BY R i alifb th 2 Wl iy
N AE, FEATRRE. GRS, BE S5
U BTSRRI, LART A AR S RSCR
WANG 5PV R G 58 T ik 3 5 7 1k S W A 6 T ) % e
FPHE 2°-FL M 2lifbasR, SR 3000 Da 1 500 Da fi2H {4
A3 I RBE R T A4 BRI 45 B bR =W, WS F R i 1 e
TR BRI/ T2, IR 10 % OB T IR, 1%
A T2 2-FL BAEEE T2 90.09 %L 1, UEHT T 164k
1 R 2 Bk BROBE 2 2% T TV R, 48 1R S e ik
— A5 g O T A ) O A 5 AR M L B AR A b A
URASHIMA U0 e LR vpii 31, 78 & B4 HMOs 1
L, WG PE R B T Ll KBRS IR A e
&, BTk iR s LRz —.

TV R W B ARG, BRAETRTAE, (R B A A R, P
A RIME, ANE A RS, @ AP, WK
WRZ R A A 0 17 P 3 2 S i e R ol i 5 25 Bk, it
DTS P e FLAR | R RS0 R 2% B R o 2 o
SRR T e e i M e, S B RE RE5R0 A ek IRl P, B
fIRAAR

(3)HIkH AR

LK AR (A0 B 4178 LK) 32 2 F HMOs A 2 A A6,
Tl 45 843 85 . CHEN ZEP0M5 H B 400 v Ik 5 TOkE (533
o8 HMOs B8 R4y B FB, 1l FH 5t bk S R 2 mE
O3S LU S gk P i K, B ANAS B T A A HMOs 4]
AR AR Z —, WS AEH n 2-2 30 g )2
A, DASZE AP I R S M ) v B0 i

JRUAE HL K AR AT S B R A4 R R ORI, (R
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Table 2 Comparison of main separation and purification techniques for HMOs
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Table 3 Comparison of the main development methods of HMOs alternatives

o BLik &) o R WICRE | B
WLTAN EATRERRE WATE. B REETRRI.
% RRELA 2FL. LNnT R PR A A [36,38]
T+ Z A SRR . AT ~
wigam O I g e IR R s e pomitanr s
T AR AT TR . A R SR R
YN < SR _
AR Bl T HMOs(4n LNFP III) e g RECIRZERIZ)  [49-50]
WG RENE | SR OMOs AW AR, ZAts EAifE. HENE ek 5152
it /% =Y )
FRAME  EAMARES  GDPSEORE. ySL i, mpe A TR R it [53-54)
A AEE
: A R I . BT Pk e BB
L -~ p S i AL S AL
AU UL TR R o g IEGREENED (338
P JB . HRSW, I E AT o AR R R S
4 én?ﬁln

ALRGLEHRT HMOs BZER 7328 | A=) DRg, &
ST T RO B AAL B S B A T A AR B E 5k

KoL GE T : sy s aifb HoR BN — ik & Al 12
KR, BUE-NUE-BS T A Wl R 2w B L AR T Y
HAETTER, AISE HMOs s . & mcR S 4%, ek



555

Mrote, A5 BEFUIRRBE S AL S AL BOR S AR T R ik e ik g 141

RBEETE AW A 1 EIEOR, AL B kE S &
L RO AR B 7 AR T OCHE, 2°-FL, LNnT S54%.0
PR B AL, FA HMOs IR AL A A7 2 2
BRI RO N TCAIE S B G AR ) A
HMOs Az R4 T8 8L, (R R AR S5 AR AL ST

ARSI AT R, 2 UT 2 — 22 i 7 i
B (DIT RARIBAS | iy PRV AT R B A0 o, SR BT £
ARHBEFEEA R 55 G () E 2 HMOs PR &
M TR R, FIEEFL T HMOs B9 RER L, 4&TH7= )
REPE; (3)Hsr HMOs B AWIAY IR RIFA AR, WIH HAEA
(] AR H B0 7R i 2 etk

AR, BT A BRI e . AU IT & K
HEAL KL RURRIE ) 5635, HMOs K76 224 JLE I5 RRik B2
FHIER L 7 £ il I s 2 ST B T3 M, oy A efie g
PRAE RO 0B SR S

Sk
[1] RANIJITH R, NAINEGALI BS, SELVARAJ S. Nurturing with science:
Alternative  solution for human milk oligosaccharides through

bioproduction techniques and their emerging applications in infant
Nutrition [J]. Food Bioscience, 2025, 71: 107223.

[2] DUMAN H, BECHELANY M, KARAV S. Human milk oligosaccharides:
Decoding their structural variability, health benefits, and the evolution of
infant nutrition [J]. Nutrients, 2024, 17(1): 118.

[3] GAN J, CAO C, STAHL B, ef al. Advances and challenges for obtaining
human milk oligosaccharides: Extraction from natural sources and
synthesis by intentional design [J]. Trends in Food Science & Technology,
2023, 141: 104203.

[4] HEAR, XERE, KRR, 5 2-H RO DIRE . S RN BT
B[], £rah A BTG IN 244, 2022, 13(2): 511-519.

SHI YD, LIU MY, SONG C, et al. Research progress on the function,
synthesis and application of 2’-fucosyllactose [J]. Journal of Food Safety
& Quality, 2022, 13(2): 511-519.

[5] CHATURVEDI N, GUPTA B, SAHRAWAT N, et al. Human milk
oligosaccharides: Potential upshot on health at early life stage
development [J]. Current Research in Nutrition and Food Science Journal,
2024, 12(1): 283-295.

[6] RATHAHAO-PARIS E, DELVAUX A, LI M, et al. Rapid structural
characterization of human milk oligosaccharides and distinction of their
isomers using trapped ion mobility spectrometry time-of-flight mass
spectrometry [J]. Journal of Mass Spectrometry, 2022, 57(10): e4885.

[7] 2R, R, XK, 5. BEFUARERR 5 240 LI HEC R AT S ik e
[7]. &ah 5P, 2024, 40(2): 1-8.

JIANG YK, DONG L, LIU HF, et al. Research progress on the
relationship between human milk oligosaccharides and infant and child
health [J]. Food & Machinery, 2024, 40(2): 1-8.

[8] RIEAR, ARAE, trteld, 5. BFLARIERSG Z R RO 2 R F i

HERORT. T 2R, 2025, 25(5): 86-100.
XU JH, SONG J, XU HJ, et al. Structural diversity of human milk
oligosaccharides and their neurodevelopmental promoting effects [J].
Journal of Chinese Institute of Food Science and Technology, 2025, 25(5):
86-100.

[9] FiEk, Wiz, 5. AFLSEREYRSHED] A Sy
HiEJE, 2025, 52(10): 2462-2473.

[10]

(1]

[12]

[13]

[14]

[15]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

WANG HZ, HUANG CC, LI Y. The Bioactivity of human milk
oligosaccharides [J]. Progress in Biochemistry and Biophysics, 2025,
52(10): 2462-2473.

URASHIMA T, AJISAKA K, UJIHARA T, et al. Recent advances in the
science of human milk oligosaccharides [J]. BBA advances, 2025: 100136.
DOI: 10.1016/j.bbadva.2024.100136

RAY C, KERKETTA JA, RAO S, et al. Human milk oligosaccharides:
The journey ahead [J]. International Journal of Pediatrics, 2019, 2019(1):
2390240.

MOORE RE, SPICER SK, LU J, et al. The utility of human milk
oligosaccharides against group B streptococcus infections of reproductive
tissues and cognate adverse pregnancy outcomes [J]. ACS Central Science,
2023, 9(9): 1737-1749.

KIM YJ, KIM HH, SHIN CS, et al

3-fucosyllactose alleviates interleukin-6-induced barrier dysfunction and

2’-Fucosyllactose and

dextran sodium sulfate-induced colitis by improving intestinal barrier
function and modulating the intestinal microbiome [J]. Nutrients, 2023,
15(8): 1845.

TREE, XIWESE, MAEAE, S NFURSNE 518 R L AF R Ly 2
JLARPE T RE IR FT R[], 0 Tk R, 2024, 45(3): 363-371.

XU HX, LIU JW, SHANG JC, et al. Research progress on the interaction
between human milk oligosaccharides and gut microbiota and their
regulation of infant immune function [J]. Science and Technology of Food
Industry, 2024, 45(3): 363-371.

TRIPP P, DAVIS EC, GURUNG M, ef al. Infant microbiota communities
and human milk oligosaccharide supplementation independently and
synergistically shape metabolite production and immune responses in
healthy mice [J]. The Journal of Nutrition, 2024, 154(9): 2871-2886.

TR, A, WS, A B LECT R P BRI A e
BFFEN]. H R A 2%, 2025, 37(4): 389-400.

WANG G, LI HZ, CAO CJ, et al. Comparative study on the application of
human milk oligosaccharides in infant formula foods [J]. Chinese Journal
of Food Hygiene, 2025, 37(4): 389—400.

BERGER PK, ONG ML, BODE L, et al. Human milk oligosaccharides
and infant neurodevelopment: A narrative review [J]. Nutrients, 2023,
15(3): 719.

FAN Y, MCMATH AL, DONOVAN SM. Review on the impact of milk
oligosaccharides on the brain and neurocognitive development in early life
[J]. Nutrients, 2023, 15(17): 3743.

URRUTIA-BACA VH, CHUCK-HERNANDEZ C, GUTIERREZ-URIBE
J, et al. Development and validation of a versatile analytical method for
absolute quantification of seven oligosaccharides in human, bovine, and
goat milk [J]. Heliyon, 2023, 9(11). DOI: 10.1016/j.heliyon.2023.e22475
CHEN X, HE W, FAN R, et al. Determination of human milk
oligosaccharides by porous graphite carbon adsorption coupled with
high-performance liquid chromatography-mass spectrometry [J]. Food
Science of Animal Products, 2023, 1(2): 9240016.

MOLLOVA D, VASILEVA T, BIVOLARSKI V, et al. The enzymatic
hydrolysis of human milk oligosaccharides and prebiotic sugars from LAB
isolated from breast milk [J]. Microorganisms, 2023, 11(8): 1904.

ZHANG J, LI Y, WANG L. Determination of six human milk
oligosaccharides in infant formula milk powder by ion chromatography [J].
Food & Machinery, 2025, 41(5): 64-70.

PERNA VN, MEIER S, MEYER AS. Enzymatic production of a suite of
human milk oligosaccharides directly in milk [J]. Enzyme and Microbial
Technology, 2023, 165: 110196.

VAN-IMPE JFM, LEONARD G, BHONSALE SS, ef al. A superstructure
(SMB)
chromatography [J]. Systems Control Transactions, 2025, 4: 1474-1479.

approach for optimization of simulated moving bed



142 B 2 4 AR I 27 4 %174

[25] ZR¥2, &1, FETROHI RS O RLRS 3h R i i oe (], il A [JJOL]. & M £ % %, 1-16. [2025-11-11]. https:/link.cnki.net/
gk, 2025, 47(3): 25-32. urlid/10.1687.Q.20250731.1913.010
LI L, LU J. Research on fuzzy-based simulated moving bed control LI Y, LT YS, LI S, et al. Research progress on in vitro bioconversion
method [J]. Manufacturing Automation, 2025, 47(3): 25-32. synthesis of human milk oligosaccharides [J/OL]. Synthetic Biology

[26] CHEN SW, ZHENG ZY, MAHFUT FB, et al. Leveraging an advanced Journal, 1-16.  [2025-11-11].  https://link.cnki.net/urlid/10.1687.Q.
simulated moving bed approach to achieve 3-component separation for 20250731.1913.010
enhanced impurity removal in a non-affinity cation exchange capture step [42] CHEN Y, ZHU Y, WANG H, et al. De novo biosynthesis of
[J] PLoS One, 2023, 18(1): €0280760. 2’-fucosyllactose in a metabolically engineered Escherichia coli using a

[27] IJ_I XUSRH, akAie, 4%, BHURshIR o B A A i o ik novel a 1,2-fucosyltransferase from azospirillum lipoferum [J].

)], (LT bR, 2023, 42(5): 2233-2244. Bioresource Technology, 2023, 374: 128818.
LING S, LIU JM, ZHANG QC, et al. Research progress on simulated [43] LIANG S, HE Z, LIU D, et al. Construction of an engineered Escherichia
moving bed separation processes and their optimization methods [J]. coli for effective synthesis of 2’-fucosyllactose via the salvage pathway [J].
Chemical Industry and Engineering Progress, 2023, 42(5): 2233-2244. Synthetic and Systems Biotechnology, 2024, 9(1): 108-114.

[28] JAFARZADEH-CHEHRAGHI E, AKBARZADEHLALEH P, [44] WANG L, ZHANG K, GAO S, et al. High-yield synthesis of
SHAMSASENJAN K. Purification of monoclonal antibodies using 2’-fucosyllactose from glycerol and glucose in engineered Escherichia
chromatographic methods: Increasing purity and recovery [J]. Advanced coli [J]. Journal of Agricultural and Food Chemistry, 2023, 71(41):
Pharmaceutical Bulletin, 2025, 15(1): 27-45 15237-15248.

[29] GUOYY, LI C, ZHAO H, et al. The performance of ultrafiltration process [45] WANG Y, XIANG ZX, LIU D, et al. Protein engineering of a novel
to further refine lactic acid from the pre-microfiltered broth of kitchen [-galactosidase from thermus scotoductus for efficient synthesis of
waste fermentation [J]. Membranes, 2023, 13(3): 330. lacto-N-neotetraose from chitin powder [J]. Journal of Agricultural and

[30] BARNUM CR, PAVIANI B, COUTURE G, et al. Engineered plants Food Chemistry, 2024, 72(16): 9289-9296.
provide a photosynthetic platform for the production of diverse human [46] LIAOY, LAO C, WU J, et al. High-yield synthesis of lacto-N-neotetraose
milk oligosaccharides [J]. Nature food, 2024, 5(6): 480-490. from glycerol and glucose in engineered Escherichia coli [J]. Journal of

[31] WANG Y, HU J, SUN M, et al. Efficient purification of 2’-fucosyllactose Agricultural and Food Chemistry, 2024, 72(10): 5325-5338.
by membrane filtration and activated carbon adsorption [J]. Fermentation, [47] LIU T, ZHANG K, ZHANG M, et al. De novo synthesis of
2022, 8(11): 655. lacto-N-neotetraose in Escherichia coli through metabolic engineering

[32] HOFMANN K, HAMEL C. Screening and scale-up of nanofiltration with glucose as the sole carbon source [J]. Journal of Agricultural and
membranes for concentration of lactose and real whey permeate [J]. Food Chemistry, 2025, 73(22): 13736-13745.

Membranes, 2023, 13(2): 173. [48] ZHU Y, WU Y, YU W, et al. Engineering Bacillus subtilis for efficient

[33] ZSCHERPE C, WEISSGERBER C, SCHWERMANN S. Development of production of 3’-sialyllactose [J]. Systems Microbiology and
a reverse osmosis and nanofiltration membrane cascade to produce skim Biomanufacturing, 2024, 4(1): 294-306.
milk concentrate [J]. Journal of Food Engineering, 2023, 343: 111376. [49] BAI Y, AGRAHARI AK, ZHANG L, et al. EASyMap-guided stepwise

[34] Iﬁﬁﬁ‘ Ttin, s, . IR . A KT RERRE R S one-pot multienzyme (StOPMe) synthesis and multiplex assays identify

BEE]. FLlkFEE S HER, 2024, 47(6): 51-59. functional tetraose-core-human milk oligosaccharides [J]. JACS Au, 2025,
WANG YQ, YANG L, ZHANG T, et al. Research progress on detection, 5(2): 822-837.
preparation, and functional characteristics of oligosaccharides in goat milk [50] WU Y, SUN Y, PEI C, et al. Automated chemoenzymatic modular
[J]. Journal of Dairy Science and Technology, 2024, 47(6): 51-59. synthesis of human milk oligosaccharides on a digital microfluidic

[35] LU Y, YI H, SHAO Y, et al. Insight into the key bridge for infant’s platform [J]. RSC Advances, 2024, 14(25): 17397-17405.
nutrition and health: How to explore personalized utilization pathways [51] HASSAN AA, WOZNIAK JM, VILEN Z, et al. Chemoproteomic
from diverse human milk oligosaccharides [J]. Food Science of Animal mapping of human milk oligosaccharide (HMO) interactions in cells [J].
Products, 2024, 2(1): 9240052. RSC Chemical Biology, 2022, 3(12): 1369-1374.

[36] ZHANG K, GAO M, CAO C, ef al. Intensification of 2’-fucosyllactose [52] F3CX, BER, 2kF, % MG sEYE 57U E Yl
biosynthesis pathway by using a novel fucosyltransferase from Bacillus [J1. A REYEE, 2025, 6(5): 992-997.
cereus [J]. Frontiers in Bioengineering and Biotechnology, 2025, 13: YU WW, LV XQ, LI ZF, et al. Plant synthetic biology and the
1569597. biomanufacturing of human milk oligosaccharides [J]. Synthetic Biology

[37] BOOB AG, CHEN J, ZHAO H. Enabling pathway design by multiplex Journal, 2025, 6(5): 992-997.
experimentation and machine learning [J]. Metabolic Engineering, 2024, [53] HUBER N, ALCALA-OROZCO EA, REXER T, et al. Model-based
81: 70-87. optimization of cell-free enzyme cascades exemplified for the production

[38] PRESSLEY SR, MCGILL AS, LUU B, et al. Recent advances in the of GDP-fucose [J]. Metabolic Engineering, 2024, 81: 10-25.
microbial production of human milk oligosaccharides [J]. Current Opinion [54] SCHELCH S, EIBINGER M, ZUSON J, et al. Modular bioengineering of
in Food Science, 2024, 57: 101154. whole-cell catalysis for sialo-oligosaccharide production: Coordinated

[39] DI-RENZO T, REALE A. Process optimization and quality improvement co-expression of CMP-sialic acid synthetase and sialyltransferase [J].
of fermented foods and beverages [J]. Foods, 2025, 14(7): 1238. Microbial Cell Factories, 2023, 22(1): 241.

[40] Z=8. G RUEWHITE 2022[7]. AEW) TRE2EHR, 2023, 39(3): 807-841. [55] LEE SJ, KIM DM. Cell-free synthesis: Expediting biomanufacturing of

[41]

LI Y. Synthetic biomanufacturmg 2022 [J]. Chinese Journal of
Biotechnology, 2023, 39(3): 807-841.

PR, B, A, E NSRRI A W5 A BT e i T

chemical and biological molecules [J]. Molecules, 2024, 29(8): 1878.

(GrfEs i Feg BARE)



