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Abstract: Human milk oligosaccharides (HMOs) are naturally occurring bioactive oligosaccharides existed in human
milk, playing a critical role in neonatal health. These oligosaccharides confer multiple health benefits, including
prebiotic activity, anti-inflammatory effects, antimicrobial activity, and antiviral properties, as well as the promotion of
cognitive development in newborns. Consequently, HMOs have emerged as essential components in infant formula,
clinical nutrition products, dietary supplements, and functional foods. The escalating commercial value of HMOs has
driven intensive research into scalable production technologies. Traditional extraction and chemical synthesis methods
for HMOs face challenges such as low efficiency, high costs, and limited yields. Accordingly, biotechnological

approaches leveraging metabolic engineering and enzyme catalysis have become mainstream strategies for HMOs
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production. Although metabolic engineering of microbial strains improves HMOs yields and lowers production costs,
challenges including inefficient substrate transport, byproduct accumulation, and product purification hurdles remain
unresolved. In vitro Bio-Transformation (ivBT) integrates the advantages of enzymatic catalysis and microbial
fermentation, enabling efficient extracellular biosynthesis and has emerged as an innovative biomanufacturing strategy.
This approach addresses bottlenecks in traditional microbial synthesis, including low substrate utilization efficiency
and byproduct formation—through enzyme discovery, pathway reconstruction, and optimization of reaction systems.
Through enzyme engineering for novel substrate specificity and de novo multienzyme pathway design, ivBT enhances
both product purity and yield while reducing complexity and costs, thereby providing novel methodologies for scalable
HMOs synthesis. This paper reviews the structure, functional properties, and synthesis methods of human milk
oligosaccharides, with a focus on the research progress of ivBT in the large-scale preparation of HMOs. It highlights
the recent advances in ivBT technology, particularly in enzyme discovery and engineering, the construction of in vitro
multi-enzyme catalytic pathways, and the scaling up of reaction systems. Furthermore, it analyzes the challenges and
future trends of ivBT in the industrial production of HMOs, aiming to provide a theoretical basis and technical

reference for related basic research and industrial transformation.
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Lactose NMEZEHER, 4 LNT ¥4 N LNnT, &R
T OWEER AR B Tl A5 ) S R g

3.3 =MIEEMIEWR

A0 B AE YL (Whole -cell biocatalysis) 7&
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Table 1 Comparison of Major Synthesis Methods for HMOs
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FEE SR
filgik & 3'-SL i T2 & Trypanosoma rangeli sialidase , LA CGMP Ayl ZE A4, DAFLBE N 248 5 537 -SL 31% [86]
6'-SL Bacteroides fragilis sialidase LA % 3¢ N- LT HEA0 2 SR N R SL A4, DLFLE N2 k& i 6 -SL 22% [87]
2-FL Fusarium graminearum fucosidase DA SEWE N BEIE A4, DLILKE 32 7845 i 2-FL 14% [88]
3-FL I R IE R L B B ol,3-HpFucT, L GDP-Fucose JFH LAt , DL B IE 2 R 1L & 96% [89]
A% 3-FL
LNFP I B RIA A N RS o1,2-Te2F T, LL—#4 Z i & il 1¥] GDP-Fucose MR ZE L&, LILNT %% 95% [90]
BEZ A6 & S LNFP 1
K)ol LNnT E. coli K12 MG1655 7 TH2 1 , Wbk lacZ \weaJ sugd; i 1% galE . CpslaJ . Igt4 2033 g/l [91]
AL
3'-SL E. coli BL21(DE3) N TR W , i bk lacZ \nand nank ; if F ik neuC .neuB \neud o2,3-SiaT 314 g/l [92]
6'-SL E. coli DH1 N T.REH , i b5 lacZ JlacA \nanK snanE nanT nand ; 3L X neuB sneuC neud .ST6 30g/L  [93]
2'-FL E. coli CA1(DE3) N THEH , bk lacZ vweaJ snudD ; i3t 715 manB -manCgmd swcaG -whgL vresA~  79.23 g/l [94]
resB
ivBT LacNAc 422 @R A (PPK)/ 2 5 % #: (polyP D NTP HAEfiE L R4t >90%  [95

]
LNTII 17 34 7 BY G 70 A HaHex 74 53547 B o AR i n) 3k A0 FH Bigiss 150 gL [96]
LNT i 196 37 784 B-F FLHEFF i LzBgal35A F1E E. coli PSRl il i PER L 6.4g/L  [97]
LNnT 2 WA AL S AR R 93% [98]
6'-SL % |2 9% 2 LA T L 18 52 Ak CMP-ME T R 75 s Il A -2,6- M 370 2 76 7% ity >80%  [99]

DSLNnT  ZHEGBR AL SN R R

2'-FL TRAh 2 BB AL S EL ATP A1 GTP 7RI R 5 7532 o A -1, 2- 4 A L 6 7% B TeFuc T

LNFP I B BB G A 1 7 i

96%  [100]

27.07g/L [101]
91%  [102]
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ED . AR E 4 (ATP/NADPH 54 2 %)
A 18 5 B R R, AR KSR AR A i o 3
Ji& I IR AR B 1

FE N T 4% G 1) B & R RT 4 4 M AR ) AL
ivBT R4 1) B FHARMBEIAE AL (D
SR 245 AR AE IT M, R B Ak 2 B R
ol BERRICEE. RABGSE T ReRE AT, W R
BT HE R AR B AR S B B 42 5 (20 P24 43 5 1) e f
FEVE, JOON MR RO G T B AR R L 4 B AR
FEPI T, B ERAR NI AR (3) MR
RUF 5T RESE, OBFAFIRA (pH 6.0-8.5, i
& 25-40 °C), A i it i [ 22 4 B A S A A 5 B
SR, BB T 5 S 2% Tl RS 4 A% R 0%
I P2 R AR G 1A R E RS T

b % £ F HMOs Fifi 8238 3 ik, L AE 224 )L
JC 7 Wk S5 AU B BT SR, I T ECOR
VBT FEARAE KSR 72 i A 72 v S 3 HH e 8 2% A R
A 3B G A A PR A S Ak T A S5 1
FRAR 3, sl 7 A2 B 50K H N H T HMOs (1)
ArE (RD. HEr, FIHivBT HARA K HMOs £
WAF— RY|EERM, EHUM Oz,
T AR . A A R GR AL DL R RN AR R 1T
S 7 T ¥ S LS i U i, O HMOs 1 KR A%E A=
FEELE T R SEHER

4.1 (FIPSEBELERAE

FIH GTs #47 ivBT A& B HMOs H A R 47 11 )i
VIRE S VER S LR E B PE, SR GTs 38 & RN 4% &
SRR B RRIE AR, KIS T ivBT R 1E
HMOs & A I = WAL o TF R 2835 i R 7
25 DAAR 5t B B BT 75 W A% EF IR A A IS 420 11 R e it
e FI) B 35 56 % Bl 45 B HMOs [ S 00, i 2
oA TE [F) — 1k R KA AL 1) — B 2 1§ S 8. (One-
Pot Multienzyme, OPME) $ AR A T —Fh FE K Ak
AHF B FLPE B HMOs (1) 4 — 25 S i A& 1 41
A DL o R A R T R 11 Tl 2 B A R DA B
W B A &N ) OPME B Bk sz 81 . &
Hp2FucT 1 GDP-Fuc £ 8 (1] OPME £ 4t 1] LA i XL
AR 2-FL " 454 CMP-NeuSAc £ il & R3RT R V)
TR B R B PmST1 " 5 Pd2, 6ST " f{] OPME

A5 L S A T M VA LB 3-SL ER 6-SL 1) & Al

B AZ 1 R 1 W B A BT 22 FE R E AN A%
BT =R (NTP), A& PR b R i 1E
HMOs KA e S 1) 5 — IR&I R &R, R
B NTP G A TR 7 KREHH5, Ugt—P
FEAIC ivBT 7£ HMOs & % IR AR o N- £ Tt 7L 0 i
(LacNAc) &AW 4 i HMOs [ 5 i) {4k, FH5
J6 BN L T AL B 2 1 R TN 2 BRI 5 () N'TP F
ARG, 92BLT LacNAc i & ik b = IR iR 1F
(ATP) FlJR I -5- =B g (UTP) M H 4, fE
100 mM R E R, LacNAc I L F 90% LA
b SLRMEET AT TIHOREF, REEE
138.6 g ] LacNAc "', Wil 3 fion, fEULEAL -,
I 2 B B RAC A A ) LacNAc A RT AR, DLRE
W ERL, g N LB R (CMK) f %
R A 3 (PPK3), 1E polyP, [ 17 7E A4 &
CTP A 1E¥F . ¥4 CMP-NeuSAc & il (CSS).
FEREEREE (PPA). o-2,3/6-MEVR R 5, 7ESL
TSR 43 51 LL 96.1% A1 92.3% U R 315 259.2 ¢
6-MEVR TR A-N- W AL BB i (6'-SLND F1248.7 g 3"
WY R Ak -N- B FLBE % (3-SLIND M,

4.2 BEsrcHRIBIESEMERT

& 51 HMOs & 5 AH ¢ B 76 4 18 AT ¥ PR 3R kK
PR GHAT R E MR BUE , R BRAR A R ROAS I O B R
W&o RIS, XA R 2R B o R AT B T
2 B H R (AL A I . GTs £ HMOs & B P i
2R R R R A R RV BR () IR 0 S,
FLR R A A% . R, 2 A A o0 E A R
£ TP T4 T L A R T 1 T T R 4 LR
FAXT &, GHs BHA &1 RN RME 2
P RE, H A AL 2 R B K R R B, 5
FURM AR Z IR, B0 IX— W, K27
J7F 40 b B K AR R, DU S SR SR
AR o XX PR A )R R FEAE B I Ak
), JL[EIH A T HMOSs BV & i 9t H g T2 2
IO RN S

B A5 R g )BT I ol 3- 0 T R R B T A
PRIEZE, HT 3-FL A BB LR K. Choi
S NI M B ol , 3-75 A R i B I C o 52 Ak ik
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Fig.3 One-Pot Two-Step Multi-Enzymatic Synthesis of 6'/3’-Sialyllactosamine

RS R AR RS, BERS T £ KRB
B R HIRIEKT, 3-FLE R m T 18 £ LA
™7, Birgitte Zeuner F| F 73 % 5 AR 5 115 2]
5Fha-1,3/4-4 BENEE N, BERS L LNT #13-FL &
B h B4k ) B AE A Lacto-N-Fucopentaose I (LNFP
1D, H - SpGH29C Fl CpAfe2 Ffi 1k A il LNFP II
(72 43 )3k B 91% A1 65%, a4 N IR IR IE
e LNFP I & U, 9 T 32 e [ I8 5§ ol 3-
BT RE LR RS R 3-FL AL ROR, T Rk
NBETE T 3 T 5 0l BT 20 i 43 328 1) 52 1 gk AL 0 i
ARG, FIHFLFEEIER LacY W] LU RO Frid 3L
WE T TG 5538 9O bnid 3-FL 4R, RYE ol ,3-4
VA e T e G A A 3G R L P R O R o TR
A, B 7 S O A A 43 v Al K B R
JEE: v 0 3 LA R R A T R S AR A . I AT
A 54 PCR. AFEHFEE (ORM) . HAE WA
RUBAT L R A A TR e, IRAF T A 7 AL
AR, 3-FLA BRI m T 1445 0,

P20 I 9 %k FL AT = 0 M ik M 1 B B GHs,
A DL R A R B SR B R, PR IR VBT &
W HMOs () % A& . 2023 45, 4 %H B M
Haloferula sp "1 %5 5€ 7 — Bl B A 8w i 40 7% PR 1
B-N-Z. T & 5 O 1l HaHex74. 383 5E 17 #3E Ak AN
AL ANE AR AT B O UE, 7R S LR S A ok
TR N, SEBL T DA RS AR BE R LT BN
JR R} A B LNT 1A LNnT, 7= 8 43 Ak # 15 g/L fil
9 g/L ", 2 S NIRIE T — FloB 1) B-F FL 0 g
(LzBgal35A), LAARAH A 48 5L - -2 LAk ntl e 7 y
BEAAR R, 2P FURE LGB LNT AL A BULNT,
2 h WEAL R IE 3 45.4%, F7EN64 gL, RIZH

[108]

N IETE I B- 2 UK B T A B 2 A BN 15 R
LNT f e e 7

4.3 RMNZ=RITSHE

SN 2% TS R AL AR A AU LR
BEAPEHSCHEIA T . RS uERE I R BB . R THE
SRR ffR P TBOR MR R BRAR 2R B A, 2 R
ivBT A i HMOs B AL JBOR A% 0 T il o] 5 4L
FAR R — PR Z AR AR, sERRER
B fAS e PERI IR . BRRESENTFR T B4R
()2 2% % FL#F BF MIL-53 A F 3 [ & b CMP- M 3
% & i B (NmCSS) M o-2, 6- ME Vi 2 # 1% Wi
(Pd2, 6ST), ZHkAW) I N4 eI T i 3 & |
AL R AN ) B AR e M. [ B2 0 13
RAEIRALH JE . 6'-SL 1 7= Z 475 98 £ 5 7E 80% LA
B, I T B 2 R e T R AT
R S O R PE . WUBOR B B-N- £ BE S KL CbE
il o] LA FH V- 2015 28 25 7 % 0% % Mk (GIeNAc-
oxa) FIAFESHINTI, IR, 4KF Cu*-
I WE O B AT [ e A S, e ERE TR B T
W BT 2 £ 1

H sl 4k & s 38 Lol N R BE 65 5 0 ] 4 2 Bk
MERT RS, HE3h 7 5 5 4 5 05 R 4 5
. HEMLE MBI AREL R EY S TH KR
B AT g AR DA S 5 TR AR RO B, RSN
RIFR T 2 EREEREN B =GR &,
AR T2k 1 B B & OB T BB 4
BRI, I B2 @ R T % .
BT ivBT SRWE AT 5 4% S B 24 26 1) 1 B ik P
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Fig.4 Co-immobilized Dual-Enzyme in MIL-53 for Efficient 6'-SL Synthesis
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Fig.5 Automated chemoenzymatic modular synthesis of HMOs on a digital microfluidic platform
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