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Abstract: Human Milk Oligosaccharides (HMOs) stand as a pivotal bioactive component in human milk, playing an
irreplaceable role in infant health. As the third most abundant solid constituent, they range from 5 to 15 g/L, trailing
only lactose and fat. Their multifaceted functions form a robust defense system for infants: by fostering the
colonization of beneficial bacteria like bifidobacteria, they maintain a healthy intestinal microecology, while
simultaneously inhibiting pathogen adhesion to safeguard the gut barrier. Beyond the gut, HMOs directly modulate
immune system development, significantly boosting infants' anti-infection capabilities. Chemically, HMOs are
categorized into neutral and acidic oligosaccharides, with sialylated human milk oligosaccharides (SHMOs) emerging
as a standout subgroup. These complex carbohydrates, rich in sialic acid residues, are particularly concentrated in
colostrum, underscoring their critical role in early infant development. Among SHMOs, 3 "-sialyllactose (3'-SL) and 6’
-sialyllactose (6'-SL) have garnered extensive research attention, in addition to more complex human milk
oligosaccharides, such as LSTc, sialic acid lactose-N-tetrasaccharide a (LSTa), and disialic acid lactose-N-
tetrasaccharide (DLSNT), among others.. Notably, 3-SL and 6-SL have achieved GRAS status from the FDA,
enabling their inclusion in infant formulas and dietary supplements. The synthesis of SL involves diverse approaches,
including chemical synthesis, enzymatic catalysis, and microbial fermentation. Chemical methods, while
straightforward, often face challenges like low specificity and environmental concerns. Enzymatic synthesis, leveraging
sialyltransferases, offers higher selectivity but struggles with cost and scalability. Microbial fermentation, powered by
metabolic engineering, shows promise for large-scale production but requires optimization of biosynthetic pathways to
enhance efficiency. In terms of applications, SL's versatility shines across multiple domains. In infant nutrition, it
mimics the natural benefits of breast milk, supporting gut health and immune development. In pharmaceuticals, its
antiviral properties—by blocking pathogen entry into host cells—and anti-inflammatory effects position it as a
potential therapeutic agent. Additionally, emerging research highlights its role in neurodevelopment, as sialic acid

residues contribute to brain growth and cognitive function. Despite these advancements, large-scale SL production
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faces hurdles: low synthesis yields, complex purification processes, and high production costs. Future breakthroughs
are expected to stem from synthetic biology and metabolic engineering, with efforts focused on optimizing microbial
strains, streamlining pathways, and developing cost-effective purification techniques. These innovations will pave the

way for SL's broader application in infant nutrition, functional foods, and pharmaceutical development, unlocking its

full potential as a transformative bioactive molecule.

Keywords: synthetic biology; 3'-sialyllactose; sialyllactose; biosynthesis; 6sialyllactose
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Fig.1 The functions of human milk oligosaccharides
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Fig. 2 The structural composition of human milk oligosaccharides

1 OELBEASERE EEE L

Table 1 Main information of common human milk oligosaccharides

LI i faj R TESLA R R e
275 N L 2-FL 2'-fucosyllactose Fucal-2GalB1-4Glc 488.44
3 MR ALYE 3-FL 3-fucosyllactose Galp1-4(Fucal-3)Gle 488.44
T RS L bE LDFT lactodifucotetraose Fucal-2Galp1-4(Fucal-3)Glc 634.58
FL-N-5 38 T -1 LNFP-1 lacto-N fucopentaose | Fuc-a-1,2-Gal-B-1,3-GleNAc-B1,3-Gal-B1,4-Glc 853.77
A-N- B T -TT LNFP-1I lacto-N difucotetraose II Gal-B-1,3-(Fuc-a1,4-)GIcNAcB1,3Gal-p-1,4-Gle 853.77
FL-N-AFETUME-IIT LNFP-III lacto-N Gal--1,4-(Fuc-al,3-)GIcNAc-B1,3-Gal-B-1,4-Glc 853.77

fucopentaose 111
3NV R LB 3"-SL 3"sialyllactose Neu5Aca2-3Galp1-4Gle 633.53
6"~ R FL B 6"-SL 6"-sialyllactose Neu5Aca2-6Galp1-4Gle 633.53
FL-N-DU LNT Lacto-N-tetraose GalB1-3GIcNAcP1-3Galp1-4Glc 707.63
A.-N-H7 Y LNnT lacto-N-neotetraose Galp1-4GIcNAcB1-3GalB1-4Gle 707.63
FL-N-75 4 LNH lacto-N-hexaose Gal-B-1,3- GlcNAc-B-1,3-(Gal-B-1,4-GlcNAc-B1,6-)Gal-B-1,4- Gle  1072.96
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Fig.3 The structural schematic diagram of neutral human

milk oligosaccharides
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GIcNACcP1-3Galf1-4Gle) 1 XU 7 % ¥ & 1L
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W B G B R 52 2 0 i 2 4 g 5 O B i A T
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Fig. 4 The structure diagram of fucosylated human milk

oligosaccharides
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B IR A8 SO P ST £ . T PURE B 28 LNT A1
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Fig. 5 The Structure diagram of acidic human milk
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Yy, A RO R T B BROK AL S WA Oy
SL, XM ITEAMEA B & R, 1 HR
BERUEF, & e RIEEA T, A 8N AK SL &
{1912 58 1 RS
2.1.1 feFEs Rk

MR IRV 53 B9 R 5 AH SLAFAE N AE, A
AM%&E#%? W7k . IR TT kT R ]
Bz gl fg . e AMEER SL . SLIEAEZR
i%@ﬁ%% FLA 2 1O B A LA I R VA
# NeuSAc 5 AN (Galpl-4Gle) [a]ff) 0-2,3 B a-2,
R i D B U N SN R e X 1]
B R R TR AT LR E R A A AR . 1L
SV RO VR R R A BT o- B B-2- B AL SA it
R, XA S AR LR, ANIEAER
B AL Y Ak 2 -l B P SR U E
LA SR 8 5 A TR SRS I TS N R s SA 2 [
R4 & R P @ a AR . O BOR i R AR M
R 47 25 SR R T 2R A A A ok M 5 ST A 1k B R A
FEE NI AT RAOE B AR A 2 5 e R S T TP e
() 5 % Wi W R Ak &5 M o 9 4 Chen %5 1IF 55, 1
MPEP Wi HEAL SEm o, 1-nLng Y 5E-5-8 S AX e VR
TR A Dy v AR o 0B B MR SR A AR ] T S 2R N-
EREARI AR
2,12 BRIEALA R K

Pl V5 O M AR T A S P A 4o AL 1) A4 8 e 9
T2 Mt 11 Do 05 PR 5 F5 I (sialyltransferase, SiaT) ]
P IEAE R R T ) A A T VR T I AR A 4
WA R AU, S T ) e A o AR S B M R A 4
R, 2 B B B- M VR TR It 3 A o T 4% 1) T
B, UL SRR ) E A U SiaT 7E RA
Feh F BT GT4. GT38. GT42. GT52 K GTS0
K. Hb, 9 KIER GT80 K K 02, 6-SiaT K]
e R R S A AR, A RS
Mok T H g U7 i R ) XU 2 IR s B AR A B A
ANREED IR H—, CMP-MERR & B (1L — i
2 B EF  (cytidine triphosphate, CTP) 5 NeuS5Ac %
N, AR R A A M = R R -N- £ A R
(cytidine 5'-monophosphate N-acetylneuraminic acid,
CMP-Neu5Ac) ; =, %f 7 4t SiaT 4 & CMP-
NeuSAc ¥ ME VR R & 1) FLBE 2 Ak 56 88 (K 6) .
Guo %5 N MFE 55 A B (Bacteroides fragilis) %

€ H— Bl SiaT, I H ™4 1 02-6 X I300E B,
¥ SA M SA Z RAREUR R 8 B A,
PR AL T 20% [ 6-SL . XN A PEE K
FH#  (Pasteurella multocida) ™% %€ S — F PmST
KT RER, g v M 48 W] [E] 25 94 GalB1-4Gle
1) C3/C6 F2 4k, o H WU e =M 1 1 I V% 1
(02,3 M2, 6% 7)), IHEEK (cGMP) F13,
BE MY, PmST A6 AS [F] Lb 45 1 3-SL #1 6"-SL 1)
TE R . WA B SL B FF E g SA TE K CMP-
NeuSAc, ZIIFEFREHFE K E CTP M NeuSAc **,
& 23 Bl IR s I S A i SR R 2 B MR BRI, AR T
i Ml P R RIS A 7= R b DA A 04 B SL R A5
NEE,

Acetate
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Fig. 6 The schematic diagram of sialyllactose synthesis by

enzymatic catalysis
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B BCHORBUAE P 4 i P e AR I 2 R, %
OAET SAVEN SR R PR . @it R4
R TRS0E, FTARFAR 1 T E T AR
R A B 28 7= W 6 B % DL N- 01 2 5 4 4 H
-6-WE MR B MR IE SA N ia Y, 4 SA & . B
Vil % Y T e % I ) 0 BB AR A0 A GV K CMIP-REE
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S AR TRE 51O\ R B Ak TR SR Sk AT 2R TA T AR
PEEER, FEHGaRAH BN 7 E AR, AR BE M T oG
BRI TE IR R, AR pfkd DT 4R 6
e BRIE R A, SRR I BB AR AR
BEE, 7ES-LRBEGEFME T, BS4P54H kM
3-SL ¥ A~ 56.8 g/L ™. 1% [ B\ ik i it neuB-.
neuC~ neud fo2,6-SiaT I EMARIL, &3 T K
¥ DHS0 55 6'-SL A=) & s 1%, 7618 G ik
A R B) SLAED IR B g R, AE 85 /N
PWSEBL T 30.18 o/L [ 6-SLG & ™, 1E L R 1E 2
T, 38 P A R IE SA A BUS 1R O Bl 5 47 5
BLECRE N, RIS BRARY 55 i s g 0, gk v ]
BATF R T — BB i A= P e ), R B ik
BZAPKA14 SEPL 5 30 a2, 3-SiaT BUR ik, I8
I TE AL HE RBS AER (A ARG 7E N 1R 2 4 & 0K
W&, FAALEREIM A 749.04 g/L3"-SL. 7E3LAYIR
NiggH,  FNVER R BE RS AE 44.20/1L3'-SL Y WK,
WK T 3 B BN F) Sk B Simonsiella muelleriATCC
29453 (AUX62520.1) [ 02,6-SiaT 7E LI K
FRBE o 207 4 6-SL, e 35 gk B R Ok L TR
Wi A R0 F RBS TR F B, 78 K% #F B BL21
(DE3) #1477 6-SL ik F|21.020 g/L, 1E KAt H
MG1655 F B bR 42 5L R (1) £ $% 184 A UDP-
GIcNAc 58, SZHL 6-SL A 17.220 g/L ™ 7 fE
AW T, @07 @I TG A E L
SRR 50 AP R, 3 AR A0 XS BH G G TE E. coli
MG1655 "1 & neuC. neuB. neud F Vsl6/nst K
R, SREURAL & O %, FHB R AR &R, 1
T2 (3t S 45 5w, {3 3-SL7E 3L K BERE T (177 B
IEE14.85 g/L, AP uRE N 0.13 g/L/h ™. B4
R R SLAFLE = AR B o 1 22 40 M & U
e BT R T B kN A K UL B,
HMIFAN N A SE B SL (WA . 7E FL40 i A Rl
SRS SN S BRI AN E . REE T AR
KAZBR, MIMBEAESL =& “’. 20004, Endo %5
REFR T —MZEMERIRP RS, @K
FF B BRI 0-2, 6-ME IR R 3% A BRI CMIP-ME V7 1R
& RCEE, R EERA W (Corynebacterium
ammoniagenes) 1% CTP & F A1 1K K I A
43 5l ¥ 22 3K CMP-NeuSAc £ i B A1 HE 7 R 5k 4% 7%
W, SMEIRINFLIEER . NeuSAc MFLBEVE AR,

ST h JE 3-SL =& iA #) 33 g/L ¥, 5k it % B FA
KM Z B R R AL SR eE R RE W M09
(DE3) Fi1EE&H CMP-NeuSAc A lBFFE R (neud)
I Y B2 e RS Bl L Y Cmst), ) Y IO S 7% 5% S 301
CTP MG B A M EEIE AR (D, B
CMP. M % A1 FLBE TR & R YD, SEBLT 3-SL 1
3 TR PR A 20 R B fRE AL A B T 12 [ DA B 1
TR T AW ER A G 3 -SL I T2k &
T 58 X E bk (BT0453/Nand) ¥ GleNAc 1w 2%
AL N NeuSAc (F7#20.41 g/L, 1% 65.98%),
& =Wtk (Neud/Nst/WetE) fE1LA 3 -SL. &
JEPIREE . BRI B Mg S5 S 5 itk R
FE R BEAA Z S8 55.04 g/L 1) 3-SL " &, #—W
ERTE 117 £5, GleNAc A R 48T 5 43.47% '
i, R T —F AR GFFEIMI09 (DE3) R
¥, WEIR. N-BEEEE . LA RLE-s-
HRETRAE N IR Y, W BE S COK AT B M 109
(DE3) ARG =R DU BE R & i,  BUIDTE SLAE
W N A H S B 3 =S L 1 B K B Ik £ 78.03g/L s

2.2 [EMIEERIS RN

1E SL & i #E b, BB R R 8
BAS, ERAEY R TT % BB IR R ARG . T
MR AR IR AN, SL & BGE 158 70 4 A Rk
BRI KA &R (F8a). TEANKIEEH SA I
FUAE R SL & U EEHT M, /2 A B4k A
Y. f£GBOE A, S B E BB R -N- & T
& R R A U (CMP-NeuAc synthetase) fi# 4
NeuSAc 4= L K 8 771 [7] & CMP-NeuSAc, %4 a-2,
3-MEVR IR Fo 1 (a-2,3-sialyltransferase, o-2,3-ST)
5 a-2, 6-ME W IR % % B (a-2, 6-sialyltransferase,
a-2,6-ST) 43l 415 CMP-NeuSAc 141 i 2 2k (4] %
R B BT A FLBE 2 1 1) C-3 B R Ar ik A e
WEEAL, AR 3-SLs  Ja % Dl o 1R ) FL A ) C-6
PR A, AL A 6-SL Y, HIL kA A 3-SL
B AN N SA, W FREAE R E K T
Mk B, 38 I R B YR G R 4 B A
AR SEEL SL I = RE . 91 ik g J A ATE K
MR 7 SA & BoER, AIE, R
WONBRIE, R A T 7.02 gL SA™, [FH
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Fig. 7 Multicellular two-step coupled route to the synthesis of sialyllactose
TE:GIeNAC:N- LBt 2 ] 5 05 ATP: RIS A% 1 = BEIR; ManNAc:N-Z Bt H # HE e NeuS Ac:N- Z. B i 282 R, CMP-NeuS Ac: il 7 -5'- L B IR -N- 2,
Tk fh 22 52 R CTP: I 1 = W R ; CMP: Ji I g A% T 2  Lactose: 3L ¥ ;nanA :N- 2 Bk 4 42 500 8 2L fif B ;neu A : 4 i CMP-NeuSAc & Bl ) 5 [7;3'-SL:
3R IR LN

I 3E A TR s R BL21 (DE3), Gl
B34k L CMP-NeuSAc & U@ %, flib SA fiE A (it
I F B e G R, DAH A R A B D 52 LS T-a
) A R B OB N B, 3/B1, 4/02, 6 HE B # #
fifg S At At CMP-NeuSAc it i, i i & sk g 4 5
SEPL LSTe s ik & i, R IRAN R I 7= 5 43 il ik 1.718
F19.745 /L Y (EI8b) o 1% A1 BA LA H i A FLAE S
Yy, @ RIE 0-2, 3-MEVR R FE RS . N- 2.1k 1
i -6-M R 72 1) SH M B (NeuC) . SA &1 (NeuB)
FICMP-NeuAc &5l (Neud) Ik NeuAc B 45
fiff . ManNAc ¥ B A1 B- 2= b B 10 4 15 2L [
3-SL i & AT LA #) 25 g/L. LA A RE 1 A 72 S g &
B 6"-SL, TJ LLf# 6-SL I3 B2 £ 30 g/L . BRI
TEMN KA g, BROY BOAS (9 40 i %0 68 Bz
RIEA = SL AW G &R .
HIBAFE 3-SL & i, fERGRLZFFAT 1 (Bacillus
subtilis) NIRRT KGR, i AR %)
BEFNFLRE N R A A 3-SL, iSRG, AN
B 2410 3-SL M N 1252.1 mg/L ™, [A R, 7E K
BAEAT W P BT T 6-SL M kA k4%, 7E
JBS 5% 41 B B. subtilis 3 R 4 1 %8 45 30K T SR VR T i

JEE 5 7% B (Nesseria meningitides) [t neuC Fl

neuB- KIET N.meningitides ] neud VA X KI5 T K
i @ JTLISH-224  (Photobacterium sp. JT-ISH-224)
(1) pst6. 7 % hE LUBE I f A 22 56 e AR U I AR 4k
N UDP-GIcNAc, %% 6-SL[f/= &k $] 15.0 g/L .
ik 1t %5 41 BA LA GleNAc FHFLBEE Ry, I 9 B
¥ CMP 468 CTP Se A A 1, KHZ H A 1)
TR R IR SL, 2R 43.47% Y,

3 MEHERFLAE D RE S N

WK, SLZ Mo HMO, 1] LA ik
an A B, DA K P R R AR, R R L
FRERILAL R &, FErT LS A b R 4 i 5%
A B0, NS M, SL AT DA Sk 3 i R T
bR YT SL R LRSI G T E R, I
B 1k 2 A A P T RS PR TR N AN i . T
NeuSAc F1 SL 1 25 80 o SL 78 i 3k XU FF 1 1
S8 R 9 36 i T A A R O TR SR I R G ) A AR
et ™Y, BT, 3-SL 5 6-SL L&t 35 E & fh
BB S (FDA) M2 &t irl, #iER
AN “NiINE4L” (GRAS) PIJRiE#, RN, —
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Fig. 8 The comparison of substrate transformation pathways

1 :Glycerol: H i ; DAHP: — 3% P4 B 12, F-1,6-P: 0¥ 1,6 — 5 iR PEP: f5 R 45 1% =X 74 i R P Y R : 74 I % ; Glucose: 7 26 41 ; G 6P ] %) H 6 1 IR ; F6P:
T 6 TR GICN-6P: ] %) 15 14 -6- 1 R ; GIcN- 1-P 2 26 % 1 - 1- W R ; UDP-GleN Ac: fR 1 -5'- — T R -N- 2 Tk 42 6 7 4 B ; ManN A c:N- Z Bt H 2 4%
[fZ;NeuSAc:N- Z B 1 42 Z 1 ; CMP-NeuSAc: il £-5'- LI IR -N- 2 I8t #4221 GIeN A c-6-P:N- £ 1 50 6 3] %) Bl -6- W 12 ;ManN Ac-6-P:N- Z 6t 1 %
W 1% -6- T 1 FBP: SR -1,6- 8 1 Tl s gl S : 20 1) 2% S T 12 - SR - - Tl I 2 2k e 0 TG 1) 2 T 5 gl M- 4 R Tl 7 ) 22 0 1 72597 g ) 6 TR s g lm U - 4 Y
R T Tt 4] 2 M - 1 - TR, Tk 2 B Bl 1) 25 ) sneuC - 4 i) UDP-N- £ Tk 2 25 1 6 W 2- 22 ) 7t A0 T8 11 225 [ sneu B 4 5 N- L BE A 40 20 IR B 1Y)
A ;neuA: w5 CMP-NeuSAc & 30 1 36 ] ; pts6: 4n T o2, 6- M 5 BR 5 FE B 0 2L [A; nanA 4 ig N- L BE 1 248 R IR 2 AR B (1 2L [A]; nagB: 4w 5 7 4
8 112 -6~ T I M0t S0 I 11 2 DR s nang A G i N- 2 T e 266 ] 267 7 -6~ B I 0 < Tk Ml ) 225 R sman B £ i N- ok 5k S 0 4 W -6- W R 2- 22 1) 7 ) g P 6 1R
nanK: 2w % N- 2k H 75 6 L 500 i 3L K snan T: 4 9 nanT 3835 B ) 2% X, PTS G4 A 7 47 B 4 i g 32 [K]; PGL: 4 ) 7] 767 4 52 A 3[R, GNA 1 2w 5
] 4 -6- TR IR N- L k5 B T 15 pgm: Y A B3 198 ] 267 9 700 A5 G 66 [ ; gl U 860 261 00 - 1 -BR R A% F TR B 6 B Tl ; gl E: UDP-A1 1 4- 22 W) 57 MU g
udg:UDP-7] ¥ 6- /I Sl 1t B fibi JE 46 2% 35 B B-1,4-21= FUME L #4 FE ;L gt A b JBE 46 2% 385 5 B1,3-N- 2 b 2 J 1 46 W 46 #2 T ; Weeb: Udp-- N- Z b4 4
W I 2-22 1) S A Bl ond ke A% R BRI  omk 4~ B R B -2-C- F L -D- R 6 B I g

W RO 22 4 s (EFSA) RHEE# (EU)D HIA RN FH 2t 1 IR SE gy M S 4% . 3-SL Al 6'-SL
2015/2283 NN “H AL 7 P, X —XUE A IE SEELT BN, IS B R HMOs 1R A N
RR N A B L T7 & . ThREME & i SR 40 TS LEE 7 Wk p D, BARIS I I L3R 2.

R2 3-SL56-SL R e BEFLSEREAERC 7 9ok o (K i oot >
Table 2 Addition of 3-SL, 6'-SL, and other human milk oligosaccharides to enriched formulas

3-SL&E 6'-SL 4 & \

T 77 WA it BBt (mg/100mL) (mg/100mL) HAth HMOs F 4y

72 4 BEBA®Supreme HIBTE 4 20 2'-FL.LNT.DFL

2B 1 5 2-FL.LNT.DFL

HIME 1 4 2-FL.LNT.DFL

AWM 5 5 2-FL.LNT.DFL
H K Muma®LUXA J& I A ok B 10 18 2'-FL.LNT.LNnT.DFL
2B B 49 4.6 2-FL.LNT.LNnT.DFL
FIME 49 4.6 2'-FL.LNT.LNnT.DFL

HAMEL 5 4.6 2'FL.LNT.LNnT.DFL
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