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characterized by diverse biological activities including anti-inflammatory, moisturizing, and antioxidant effects. Owing
to these beneficial properties, CS has been extensively utilized in joint health supplements, cosmetics, and
pharmaceuticals. Traditionally, CS is extracted from animal tissues. However, this conventional extraction process
presents several significant challenges, including heterogeneity in molecular weight, potential risks of pathogen
contamination, long production cycles, and environmental pollution caused by chemical reagents and waste disposal.
Such issues limit the ability of animal-derived CS to meet the stringent purity, safety, and quality standards required in
high-end applications, especially in precision medicine and advanced biomaterials. With the rapid advancement of
synthetic biology, the green and sustainable production of CS using engineered microbial cell factories has emerged as
a key area of research. By reconstructing the CS precursor synthesis pathway and constructing an efficient sulfation
modification system in microbial cell factories, the controlled biological synthesis of CS has been initially achieved,
and the preparation of CS oligosaccharides has been realized by introducing CS degrading enzymes. This microbial
synthesis approach not only addresses safety and environmental concerns but also offers advantages in scalability,
product consistency, and cost-effectiveness. This review article provides a comprehensive summary of recent progress
in biosynthesis of CS. It focuses on analyzing the optimization strategies for the synthesis pathways of chondroitin
precursors and the design and engineering of key enzyme components. It delves deeply into the construction of the CS
biosynthetic system and the multi-level optimization approaches. Meanwhile, the paper also provides a detailed
introduction to the precise preparation processes of CS oligosaccharides, laying a solid foundation for achieving
biosynthesized CS with highly consistent structural and functional properties. Based on these latest research
advancements, this paper thoroughly analyzes the main challenges faced in the biosynthesis of CS and its
oligosaccharides, including inadequate supply of precursors, insufficient catalytic activity and stability of
sulfotransferase, unclear spatiotemporal coordination regulation of chondroitin sulfate glycan chain polymerization and
sulfation modification, as well as low catalytic efficiency of hydrolysis enzymes in oligosaccharide preparation. It also
provides a perspective on the future development direction of CS biosynthesis research: future studies should focus on
achieving green and efficient large-scale production of CS and promoting its innovative applications in multiple fields
through dynamic metabolic regulation, artificial intelligence-assisted enzyme modification, and the deep integration of

synthetic biology and enzyme engineering.
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Fig. 1 Traditional animal tissue extraction method and biotechnological synthesis method
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Table 1 Biosynthesis of CS
JE Bk 4 Wi T A PAPS K5 7 A R R R A U
E. coli Origami B (DE3) A A1 g HERM CSA 7 :- [54]
CSE ¥4k :50.00%
Bacillus subtilis 168/ ARG i A AST IV HA CSO =5 :7.15 g/L [55]
E. coli BL21(DE3)/ CSA #%1%:98.00%
Komagataella phaffii GS115 CSC#H%:96.00%
Bacillus subtilis 168/ NI A AST IV FA CSO= & :- [56]
E. coli BL21(DE3)/ CSA #4422 :98.00%
Komagataella phaffii GS115
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T R 255 119 41 7 R0 X6 CS TR R A JE (W 6 22 K. ik
—, Xiong & " 7 He 5l B B v SR HX 2 i SR WS
SRAL B R £h #h iz . B R C4ST F ik, 5] N\ PAPS i
HEAE RS S ST 1.15 g/L CSA A& R, IF
IR CSA IR BR AL FE 32 T+ 2 96.00%. 4N, 1%
WEFLIE S8 T = A RS RS R R,
KPR ERMBUZRERE ARG WMR LT
B ME KIS EE Y . BTS2, RN e
FOUREE . T IR 256 11 A N 1R 328 2 8 Il 8 A2 21 CS
R AN S P

AR A R B B A% 5 35 AR I 25 A R
TR R G0, v DUBR IR AL A 4 1 s i A,
B R A B I R R R R AT, IR E YRR
A FE, TR P B4 558 4 B8 ) 1 £ e Bl 1 AR e .
P AR W — b 2 i S B €S A B — 20 i P ) DA S
AR, MR TEFE T8, AR T e mAk. &
TRoL RS, SEORC S T AEEIE CS HIFEAL
Ao BRI, AR — B R ERE T G 1 2 PR .
BT CS I6 B e 221~ 55 0 B ke A A8 B St R 110
W, AN DL R S IR A ), R T
AU I8 B 2 B AN BT AR o A AN 2 Y, N
PR = AR BR AL FE 82 T BRIk, AT AL AR i
T PR BE T AN SR AN A N S AL B ER RIE R A
BIZHAT AL ) R A

4 WREREK 2R SR O G R

7T R CS A PR 1 ke 26 I s A4 M B VR
o, PR AR N AEVEE R K. M2 T,
CS ZE M@ W 1 2-10 > “HE sl 7 7 EE
N, AEZYIEEIE . FURIGT UL B h A
AR S, PRI CS S5 I (1 ] 45 52 21 1 ok i
DTN G R AV G T 2R AN Ak
3 ORI B A SRR PP SRS, XL Ty PR AE SR T A
A R RS 777 T % FLAR R

4.1 MkEBRECS BEHE

Mk B B CS ZEERBERI AR 5 CS 2 RBERI A1)

AL, B IR UDP-# B % 52 Al UDP-N- 2.
Tk > FLWE e SR R A B AL TR R R E
W, AR5 75 R I 5 AL I N (AL R HEAT BRI
B R CS ERE. HMAEETHE RSN
fEAGAVE T R A S 0 b B R R D A R
RERWE, BB BImEm T Z M CSHER
B0 S SR, R I DU, B AR
B3P 4 UDP- 71 B % 2 A1l UDP-N- 2, ok 21 LA 2 795 Fel
A 0 LB R P R R B R B EE Y, 1
0 I A A W66 1R AL 2 2% B 3 79 b T4 2 e 52
W 3K 2 o 7 R R L L B R TR RE =
SR, X ) R A AR SRAB A A T 1A

4.2 HBBRRESHCSERE

CSFERBERR T M kA 77 LA Ak, H 2
il £ 5 VE IR R = oy = CS BRI K . CS R B#
fRTIEAIRZ, WEE G, “Co-y 2k
WM S (RBUKAR . AFEm A4
VIBE AR S DY MR T EA 2 v, IR RIE
(RS N 26 S i A, BRI KT
DT LG 328 8 i Ay CS S5 SR Bl ol &6 1K) B i 7 vk o ] B A
TR R X1 2R 1V 3 2 2R A iR K AR e 79 o T 1)
(El6). M HEAE SRR, HEERRT
RSP AN A, £ CS BRI
PEZE 10 1) 8 s A FH K i 1 B2 i CS w453 21 o b
B, (H LB AR AR I T R

CS SR B AE 05 5 57 R IR 1) CS B A /1 B-1, 4 B
HHE, JFE i B-TH B R S AL D), AR R
I 5 i A 4, S-S T R T T ) SR R PR . 1%
KB AV RIET 2z, WAREATEE. FATEE .
FEERAT B R IR JE . KR
W&« THOER B A R A R W] DL A W CS 2L iR
it Ceed, T A T PR TR 4 7 AR AN R 2R B CS 2L AR
MY G 2 57, CS ZLAREE 3= 225 CS LRI
ABC. CS %Ml AC Al CS R B = k3. Hrh
CS Z i fiF ABC R W18 B 9%, fE W% P& fi# CSO.
CSA. CSC. CSD. CSE VL% i BH J5i R RN 12 52 Bk
7 IR RN A, CSRMEE ABC Lo
N CS 241 g ABC 181 CS 241 ABC 1™, CSH
fif il ABC T/E HALHI A A DK, B2 108 BE AL I 22



012

BRENE H6B

CSEZEM, B &7 A ANV AT 0 R0 AS v A DU R &
Yi: CSZ&L#NE ABC I B A SIS, M
e8RS FF AR V) CS 54, /0 B H ik AL,
AP TUHE AL . CS MR AC REWS 3 1
EFF CSO. CSA. CSC, CSZ%HR#EAC B N E
A N VB T CS LR B AC 15 H A BT 14
] CSase AC I, 5 CS & il ABC I A [F 1) =2 ,
CSase AC I1 /& M3 J5i uify [ JE 348 Ji vy i3k 47 1) ) 7 5
CS 2R N B 75 2L G 4 b B A B i R AR = 4k
SR CS 24/ B IE A Re P MR CS, 11 & & — Hh 5 fi#
BRI B TR 2%

5 CSHFREAIR, CS/KAREEHIVE L 218
T 20 SRR K R SO T) IR B-1, 4 BT R, S R B
INGER, HERF RN A G, kG T AN T A g
M5l thah, CS AR RE %R 7 AR CS, 1M
CS 7K fB Bl K30 73 A2 5 B SR E,  Fh T CS AigE B
R (B LA Sh /AR, DRI L 32 ) 5 R T 6 €S i
R BRI K, R RN R
H AT S A& R R (SPAMD) . 3% W J5i R B -1
(HYAL1) F1i&E PR ERES 4 (HYAL4) #RE WS B4 fi#
CS Mo ™, 2, Hh HYALS #E B A 5 1E
TEWRRR, mxtCS BAREMAE T, PRkt
N CS /K fi g =7

VSRARS ) !

CS AN — R B AT iz N AT SRR 2 0

FCR b A 7 i 5 3 BRI T M Sh P i AL g
B, BRI IK — A2 77 T iR AT AE A6 VF 22 B 55 KU
W Ji o — BLAE FHRE AT B MR IR 3R AT CS. T4
K, BEE & BRAEMFBARKAE, CSHEYE R
WHFLHAS 7 R E R, N OSSRk 1
i PER B . CSHIRIEM A FHI . BiR AR E
HL5 98 5 R s W) A S B R B 1) 1 A7 A S0
Pe b SR — B R A & Gk . BT
AITFEl 8 AT A4 01 3R 10 e R O CS B R AL A2 1 it
RERIJT RS, RGMEHSETH T CS HY & Ak
o i — RINFME R SE, ADUIE 7Y
MM MR, oy CSHSt. FBLAE
PREUE T RS HOR I A. S U E, fHxE CS 5
BRI F R, hAEES T RREEM. &
RO ME A R S, B IEE T CSHEfRIEM . B2
ANy BEAA R A5 AT ) S FH 785 70

ARSCRT CS BT BCH R A0 T RO AL S
CS B BR AL B M i) A= AR T3 A S CS 5 3R BE 1 1
Fo IR HEAT TR FUBE R U T A A . BT T AN AE
R AR B PR DA B TR I PR RO B 3R S g AR AT
BuE AL, AR IR, EAaRLREULE
JRAE) S B R R TR AR AR IR AR il 0 R X
M T 3EF @R AR A 2%, JRERTT T AR
B M AL R, 4 Bl A IR 1 RN RE A
HRUEETTE IR Rk, R EHE
N CSEME M LB R, BT A T =753
XPECE R AT RIRAC B R . SNBSS
it PR 2 {3 2 200 5 R PR B 7 Tl P AL PR E A2 CS

or o oRr oR oR
Hooe OR . Weoc OR Hooc OR mWooc i_mﬂ Wooe g L mWooc L
KN kf—-- Nl é- il % i -~ Bl é B %r "
OM’D" " ) e -‘OHM"D" [y = M"'o"‘ T —%%0 B 4
oR WHAC oR NHAc oRr A OR WHAC WHae

HOOC OR on " om Hooc Pepr:  wmeemen
o -] a -] o -] = H/|
oo R o o AR S

HAc R HAC HAC

Hooc OR OR  ioae o on
@, o @ o
mﬁﬁﬁ%wmﬁy5§m
R HAC HAC
R

o or
HOOE o HOOC o Hooc o8 or
L a =] =] o Q a
N o, o o o,
uaX/r\’ i o oM
R ac R ac R HA:

OR om Of om

woot L Moo g =
o, o o
) Ho oH
R Ac Ac
oR oR
Wooc °'; wooc °'; Woot o ”‘;
o, o,
o= \%:A,DM %,0%"&%?—%

HA: R HA: HAC

Blo M 5k b g CS ]

Fig. 6 Pattern diagram of degradation of CS by enzymatic depolymerization
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