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Enzymatic Ring-opening Polymerizations of Cyclic Carbonates
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Abstract Enzymatic ring-opening polymerization (ROP) of cyclic monomers has emerged as a green and sustainable
method for synthesizing biodegradable polymers. Among these materials, aliphatic polycarbonates have attracted considerable
attention owing to their excellent biocompatibility, biodegradability, and diverse structures, with broad applications in
tissue engineering, drug delivery, electronic materials, and packaging materials. Recently, a variety of functionalized
biodegradable polycarbonates have been synthesized through the enzymatic ROP of cyclic carbonates in the presence of
alcohol initiators. This review highlights the advances, challenges, and opportunities in the biocatalytic ROP of
trimethylene carbonate (TMC), TMC derivatives, tetramethylene carbonate, and macrocyclic carbonates as monomers.
This study provides guidance for the development of biosynthesis of polymers and biodegradable polymers.

Keywords Enzymatic; Cyclic carbonate; Ring-opening polymerization; Initiator; Biodegradable

BIF : Tk, 28T, WK, KT BEHRIREE IR & . 55T F4R, doi: 10.11777/1.issn1000-3304.2026.26161.
Citation: Zhang, Y.; Jiang, X. Y.; Hu, X.; Zhu, N. Enzymatic ring-opening polymerizations of cyclic carbonates. Acta
Polymerica Sinica (in Chinese), doi: 10.11777/5.issn1000-3304.2026.26161.

FEMRPEL R H 2 SON SR 58, V0%
FERRL 9 D G 2L G A AL Rk N FH 37 53¢ 2
RIRME T HATT RO BT, FER YRR
Tt SIS A 4 Ml 107 T B BEU120 R M R R Bk IR I L3151
SRBEIRERUCT, RE RIS, RREREE-2, R
208 Horb, i 7R SRR IR T st 18 e 1)
EARENE . DBV S R T B THERS, R4
TR 29idis. Wkl AR U A

2026-05-08 ik, 2026-06-09 ¢, PR 265 HH i

IEEWH . EE HRBEIEG GRS 22478188, 22278223 £122278205).

" WfEWA N, E-mail: xinhu@njtech.edu.cn; ningzhu@nijtech.edu.cn

BX A

A BN (E020), B 5] KA BRIR R T IR A
e il 2 i O SRR IR i ) B 25 vk — BT, B3R
AR 2T ER. 2 TEOMESEIH,
AR RA BRI, A PR IRIER (AL,
PLEEANE, #Rfrt, SLEEHE 7T R EH &4
VORI e ). & R AR RAETEVE R R &
AR A RS, B )E ik T RERR HI ALY
R AR BB PR, A LA A A 28 T e B e Bk



2 Acta Polymerica Sinica

B, A AU SR VE LB -5 R B E]
1B %57 NS A R B g i P mT 2 R G, 1531
i 7 B SR A TR RO 1340 g e e 1A I 5 U A B AE
JEPR B RERIm sz AR B4 A T, A T
A A0 B 17 1 5% T IR I 1) 4 £ 1] 2% 13235301 IR b )
A AR T PR 3L TR AR S BRI R I 1) B L
VEIRATL O AR Z R ERR R AT T AR g, ATE
RIS .

Wi AR D — P G FBsRe4 R A, kB
PEBSA3-451 0 2 AR NS A WAL I, TR 259 57
TR R A S D A RS TN R
P S N - S I D = SR N B = A 4
ARBTG5 AE ) SNSRI K R, B9 5% 1 B
FE k. E VMR, R TRYTaE, i
ARNATE ] R RE A e Ak TR 48.50.5254-5T) LR G
(Y TR (7] 34 28 A 1) Il 60 955w A M1 22 9% BF i D7
B (CALB)SS601, f i i i g (PPL) (011, i (B 2 i
W R BE(PC)I215E, FFIN TG I N IE G 15 1 5
PRHLEE (B 1(a)) 72, i, 1745 1) Novozym 435
(N435) & [fl 2 TR AL G R BRI (1) CALB,
AR AL RE SRR e P, X HAE TR SR A A
HIRIE FE f IR N34 AR I KN, B4R 43 7S oo
(=W H R BE(TMC). =T H 3 R IR BB 117 4=
). LT (DY I B R Bk R IR (TeMC)) A1 K PR ik R
FE( 1(b)). BEAE NG K AI(E 1(c), AR T RAE
FEPREE i AU R R g5 0, t— P 5 nTis
HIEER G0 TR G A RET. BR800,
“pirT RIS RS, H R AL )RR
PSR BRTR R AL AL

AN REMEARIREET A RS, D=
IR R . — W AR IRERATAEY) . DU HH RE R IR
Be RIMBRIRINR SRR 2, g T L 5| T
WRA VKRG -BE A6 4 Thse 4 50 R 5 1)
WEFCRE RS, X AR AT AE Bk S VL& AT TR
M, BB EY)E m 1 A R A Rl
SEMH ORI K S

1 = AERREREE

= H R IRER(TMC) A& 7S o g, =11
FR L ik B2 T (PTMIC) A2 I 17 1% 56 ok R I ¢ 1 v e L
REWBIAZ —, R—FhBKETERREEY,
PR AL B AR IR FE (T 20 =20 °C, 5w FE I o 1k
RBIL Y I BK B, LA N B S B 3L 5
P28, PTMC FE 47K A e P, P A A7
B A AR LA, SR T R K SR N AR T 55 245

VIR B )1 R AN B 3436, I T PTMC 5244 K}
E HI ) Th RERFE SAEHE T (M BE LS M, — RFIH
FREMZ B WA T 5] & TMC (1
£ ROP, HHFE IR RAMERINES
VIR i, AT e R0RA) 2 1) e A 35 SR A RN 425 460 B i
(R B L B 5 = 1 R A R

BYPPKECNT)E R A mRE. BEl. &K
AR 5 3R S M A 2 R e M — i T
F1RHS7881 Socka 1 Brzezinski Z5894 45 T # kK ~h %
BE B 40 >K & (MWCNTSs) ) [# %2 £ CALB (CALB-
MWCNTs), XA 90 KA A By . AR
SEPESR . AR 5T a8 E. B 1,5-% =
fi%(1,5-pentanedio) 1E N 51 K7, 2 AMAFRIEIIRE 5]
RTMCHIN TS, AR by G 72 S 1 )TV SR
MG . e-CL5 TMC LSRG 2 T H3Y T E M, sec
Y B 7E 5.0~50.0 kg/mol 1] R ¥ F DK 2(a)). HT
PTMC A& RAE B, TMC #BHK 3 hn 5 5 PCL
G (X HT 65.5% T[4 4 1.8%, 4Rl & (T,) i
58.5 °CI#{K %2 51.6 °C.

NN A VI(DCP)EA B2 FLA-H (W iz
HOWRREAE . AR, CAER. DRERMERE. IREY),
RELEAN R (s #. pHL HEALF . HLIE 7.
AR AET R RMEL, B AaBE. BIR
WA R R AT EICEEREE, AR BB E MR
AW R R A AT R FH A S R0, A
EbZ2 R, WU (Te-Te) B RE SEAR, nI F T HF & AE
. BRSNS B S S SR E W .
Lang 55926 i T XUF2 25 Th e A4 10 XA AL 542 2,2/
i AR ((HOC3HeTe),), FFAEIL 5] K TMC A 44
Bh, I T & Te-Te (1) BBk FL s (PTMCTe),
(K 2(b), M, Gpc=2.94x10* g/mol). (PTMCTe), 7f i
Je EIR TEAMNRIBEORAT TRV AT R A SRS i
N . 24 (PTMCTe), 5 & XUk 8t 1) 2 . P i (PCLTe),
FLVRE, AT R AL AR BT B R R ) PCLTeTePTMC,
ZILRME R BOE AR, BEKEE T (PTMCTe),/
(PCLTe), JLVRAK RIAH A, AF IR A SOWL S TH0
TR AT 1,6-C I (1,6-hexanediol) 5| & )
PCL/PTMC (W 2 f# K K £,=38.26%), (PTMCTe),/
(PCLTe), JLIR MR &, KIEFETH 2 80.51%.

i {le ROP 5 J5i 7 # % H th 5 5 & (ATRP) 1 ¢
FE 52 I A2 il 2% 485 1) A P D BB HR B L SR A RO
W . 12 SR W ORR T 5 A B R A ATRP 75 1 2 ]
(Wpd R RPN R 51 R, FREESI R ROP, A
R AR B ATRP VG VEAL s K 7 T 51 KA, 13
A7 BN AR 5 5] K £ 0 HE B TF) ATRP. Heise 5077931



g

N7

n

¥R

(a) Mechanism

(6]

Lipase-Carbonate

0
1
dpP-0-C-0  0—H
\'/

R

Enzyme-activated monomer (EM)

\Votﬂ + - OH

\|/ ﬂ_ Complex
R
0
I
EM +R'OH ——— R'OfoO\'/O*H + CP-0oH
R
0
11
EM+RO{C-0_ ~ O1H R'O$C—0
R
(b) Monomor
1.TMC} | 2.TMC derivatives
: L0
‘ P 0 0
N O
OJ\O iOJ\O OJ\O OJ\O
L e X >
: g Oy 0
| BTMC DTC i ;
L0 0 N_O'
0o 0o iﬂ:ﬁHi
. N 5
OCH,CH=CH, = COOCH,CH=CH, TAC
ATMC MAC

(c) Initiator

O OH
o (O
©/\ O>< OI(IZCHBrCH3
(o)
[5-(Hydroxymethyl)-2-phenyl-1,3-

3. TeMC: |4 Macrocyclic carbonate
oo )?\ R My PMg
3 EOJ\O 3 (\O 0/\ SS  Mgg PMgg
R N S
e LY SV A I (VY

3 SY SeSe MSeSe PMSeSe

3 My N My PMy

§ 0

: M

3 {O O}

3 0_0

3 b

: (6]

TDC

HO ™>~">"0H HO/\/\/\/OH HO\/\/TG\TC/\/\OH

- i - i HOC;H(T
BnOH dioxan-5-yl] methyl 2-bromopropanoate 1,5-pentanediol 1,6-Hexanediol ( 3HeTe),
OH
HO~—5y;~OCH,CHj ot HN"SO HO 0 N o~OH
H;C”CH,
EGP mPEG HO-PNIPAM PHB-diol
OH
HN-
H,N—( =N
N—
N

H
FA-PEG

0 o
—/)E\NO#S {;} Ot HOPOty HJrO\/\/\)Lto/\/Oﬁl/\/\/\oszH
o
0
o

PEG PCL-diol

Fig. 1 (a) Mechanism of enzymatic ROP of TMCI®*%; (b) Cyclic carbonate monomers; (c) Hydroxyl initiators.
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Fig. 2 (a) CALB-MWCNTs-catalyzed ring-opening copolymerization of ¢-CL and TMC initiated by 1,5-pentanediol; (b) Synthesis
of ditelluride compound ((HOC;H¢Te),) and its use as an initiator for enzymatic ROP of TMC.
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Fig. 5 (a) Schematic of an enzyme/organo-catalyzed microreactor for BnOH-initiated ROP of cyclic monomers. (b) Integrated

enzyme-organocatalytic microreactor system for the synthesis of block copolymers(124],

Table 1 Enzymatic ROP of TMC for the synthesis of PTMC.
. Feed ratio . T t Conv. M, Gpc
Initiator Enzyme Medium ' D Ref
[M/[1] (§®) () (%) (g/mol)
1,5-Pentanediol ~ CALB-MWCNTs  43.5:1 Toluene 60 15-210 min 13.4-99.1 600-  1.10-1.40 [89]
4.8x103¢
1,6-Hexanediol N435 - In bulk 60 24 - - - [92]
(HOC;H,Te), N435 300:1 In bulk 60 24 - 2.94x10* -
[5-(Hydroxymethyl)- N435 60:1 Toluene 55 18 - 2.30x10° 1.88  [100]
2-phenyl-1,3-dioxan-
5-yl] methyl 2-
bromopropanoate
EGP PS-30 7:1 In bulk 70 96 20 - - [105]
CCL 7:1 In bulk 70 96 5 - -
™M 7:1 In bulk 70 96 <2 - -
MAP-10 7:1 In bulk 70 96 15 - -
AK 7:1 In bulk 70 96 >78 - -
N435 7:1 In bulk 70 96 97 7.20x103 2.50
PPL 7:1 In bulk 70 96 >78 - -
PHB-diol,y ¢ N435 75:1-100:1 1,4-Dioxane 50 8 57-71°  4.50x10°- 1.26-1.36 [106]
5.50x10°
N435 50:1-100:1  Toluene  RT-70 8 81-89° 5.40x10°- 1.43-1.69
8.70x10°
PCL-diolsgq, ¢ N435 100:1-200:1  Toluene  50-70 8 54-67° 7.70x10°- 1.58-1.64 [106]
1.06x10*
BnOH N435 10:1 Toluene 60 8 min ® 98 1.20x103¢  1.12  [124]
170 min 96 1.20x1034  1.20

2 Reactor: MR; ® Yield; © Measured by SEC; ¢ Calculated by '"H-NMR.
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Table 2 Enzymatic ROP of TMC derivatives for fabrication of side-chain functionalized polycarbonates.

o Feed ratio . T t Conv. M, Gpe
Monomer Initiator ~ Enzyme Medium ’ D Ref
[M]/[1] O () (%) (g/mol)
BTMC PEGggq © IPPL  136:1-545:1¢ Inbulk 150 12 - 3.43x10*-9.15x10*>  1.26-1.29 [131]
TAC mPEG,0¢  IPPL 5:1 Toluene 120 24 69 ° 5.2x10° 1.30 [133]
DTC mPEG,0¢  IPPL 5:1 Toluene 120 24 75% 4.6x103 1.28 [133]

2 Yield; ® Calculated by '"H-NMR; ¢ PEG (My,=6000 g/mol) were purchased Shanghai Chemical Reagent Co.; ¢ mPEG (M,=2000 g/mol)
were purchased from Sigma-Aldrich; ¢ The feed ratio was converted from the reported [BTMC]/[EO] ratio based on PEG with M=

6000 g/mol.
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Fig. 6 (a) Enzymatic ROP of BTMC initiated by PEG for the preparation of amphiphilic triblock copolymer PBTMC-b-PEG-b-
PBTMC; (b) Synthetic routes to the macro-initiator HO-PNIPAM and amphiphilic block copolymer P(MAC-co-DTC)-b-PNIPAMI!3Z,

e A B R R N K T RE AT T (1 25k
KRG, He 530G B T HA /KM B R B 1 i
F2 5 T8 N-5 A 3L 75 445 Bk i (HO-PNIPAM),  Jf-05 H:
VERRAFFHIURA, A LA 1 4 PR 1Y) 5- FF -5
I A SR B - = Y R R R TR (MAC) -5 AT 1 49 B 7K
PEI 5,5-— F & = FH S B BRI (D TC) 7 IPPL (1) fi#
WTFFFHILER, & T IREEM SRR B IL R P
(MAC-co-DTC)-b-PNIPAM (& 6(b)). iZ LR YK
o RS LA RIR R 9% . PNIPAM 5% (3K TE
YKIRH, KiAR7E20~70 nm 2 8], LI SRk i
(CMC: 20~60 mg/L)§AI . 1R 5% PNIPAM 5% BL UK )
JEDLH B R EAT N, BRI FUA AR B (LCST)
A ZH 2y L 7E 38~43 °CHE Bl P iEAT 4% . 1E A2
WA, SR IR R 2 W I TR W JE P TE AR R

(37 °C) IR U 28 2 2 R TIRIR 26 1R (4 °C), X UF
TR T+ = S E PNIPAM (LCST: 32~33 °C)7% 2 H
SRR A NEUKIBARES, PR BERE E
RENNTE T 2RI .

L& A5 i Ji s g (thy mine ) I 522 () 7S TCFOIR BRI
fis AR (TAC) A% 0>, He ZEUBI & T — Rt T 1
Hh 2 U AE I s A 2 W 41 485 pHL e S PR T
FG . ) Jies e b D I T Tk IR TR (A.C)d8 3 38 v 7R
B B AE R B RE R TAC, DLHREE R 2 8
(mPEG, M,=2.0x10° g/mol)’ N 5| K7, TAC ()
DTC AGLER)HAk, Bl & 1 PRI R B3 R
mPEG-6-PTAC. mPEG-b-P(TAC-co-DTC) 1 mPEG-
b-PDTC (& 7). mPEG-b-PTAC i 7K B | 5 & 1) iy i
e g kA e 5 15 1Y 24 4 FE RS (MTX) 70 T H 1Y
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X
j)l\ o 0" "0
' NH Et;N
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(6]

TAC

mPEG

L Ot L <=0
. >

mPEG-b-PTAC

Fig. 7 Synthesis of TAC and the amphiphilic block copolymer mPEG-b-PTAC.

2,6- 2 KL E (DAP) S5 K4 38 Y BT 7 14 1) AR 2
B, XPREHEILANAE EAE AR ORI T 2541
ERE ), 2 RIS E] 13.8 wt%. 7R IR il
IR I 25 F(pH=5.0) T, MTX Z i 1AL H
§5 7 ZEAGER, MZWRBuESR B E T
A HIRE (pH=7.4) (AT 12 h NI BB R 60%
versus 35%). RSN SLIR R I, % AR B AR AW
A R AF; %k 24 J5 X HeLa 40 i 1 85 1 5 0 55
MTX A4, I LR P 253388 7).
SRR 2 (DOX)E — i) il P 25 341361,
HZKIEMEZE . R R ERIER R, RORHIRR i
TR FHUSTA8 R KL T pH RRUBAK S BRI R A TR
Mo, R IR O B ik ok 25 WRE T, A2 e IR
(0] (0]
) ; P M
O~ 7 "
Y
¢

ATMC DTC

o O (O 0 IPPL

L

R B A B RS . He 25039 L) mPEG (M,=5.0%
10° g/mol) N 51 &7, FI FH TPPL AR A A 3 5 Jefs A 2k
(1) 50 PN AU Ak - 1,3- e -2- i (ATMC) FH i 7K HRL A4
DTCHIAILE, &R T PRI BB Y mPEG-b-
P(ATMC-co-DTC). FI| F [] 5 it %8 7K H i (m-CPBA)
¥ ATMC oGBS 1)) T 2R AL, B 57KE BT
IGINERS, e 8 R ORI R B DOX 3L
ETRAEWMEE F, sl T HbRAT2 mPEG-
h-P(ATMC-co-DTC)-g-DOX (M, gpc=1.44x10%~1.53x
10* g/mol, P=1.29~1.33) (I 8). iZHI Z(E /K 1] H
21285 FRORE 4% 47 90~140 nm I GKIER, G E AN
9.9 Wt%~12.5 wt%. PR MRS L0 E S 1 8 1 pH
e 7 7 SRR 1« SO R 4 L A R A T A 1)

0 0
/O{\/\Oﬂko/g/\oﬁ,\%owoﬁ

{

mPEG-b-P(ATMC-co-DTC)

o o
/OV\oﬂJLO/;/\OJF,X/PkO%Oﬁ

m-CPBA
.
ojﬁ

mPEG-b-P(ATMC-co-DTC)-O

0 0
/O{\/\ofllko/?/\Of,X/(ko%oﬁ

NH,NH,H,0

0 0
/O{\/\oﬂko/y\d’x%o%ot

(6}

DOX
—_— NH
HO O OH N

NHNH,
mPEG-b-P(ATMC-co-DTC)-hydrazine

mPEG-b-P(ATMC-co-DTC)-g-DOX

Fig. 8 Synthesis of the pH-responsive DOX prodrug mPEG-b-P(ATMC-co-DTC)-g-DOX via mPEG-initiated enzymatic ROP of

ATMC and DTCI!391,



WO

% 9

FE PR (pH=5.0) T, 72 h§ DOX & FUR At
84%; TMEAIIAEE(pH=7.4)F, [RIARBERNA
42% Fi AT . 1% AT 2 e R R E I i A A v 0N
HeLa 20/, 75 M BRYEFASEfi & TR DOX A1
A, RO RERAREN, 774 50% 41
HBE T FI4M I E (ICs0) M 10.9~16.1 mg/L.

PR (FA) 52 AR 7E 22 il I8 240 o =% Tk 5 3R 0K
FIH FAVENBCAARAE 25458 1% 2 G2 SR 323
AL 22 LSRN . He ZE04OMS (2 ROP 5 E B L [A) 15
THAHSE &, HRIE T — R R 9K 25 D B R AL 7
L E SRR 1 1-BREE IR CDD A IR SN A

K F 5 RFIFA-PEG, 1EIPPL KL, MAC
5 DTC % %) # FA-PEG (100 °C, 48 h) il mPEG
(90 °C, 8 h)l &I, RLIhfil 7 HA F3hHE R L)
RE 1) 3 25 M 1 B L 5B W) FA-PEG-b-P(MAC-co-DTC)
e AR BE 17 % B8 ) mPEG-b-P(MAC-co-DTC) (1 9).
LRI K B A% - A IR, FFdE )
A7 Ak 3 DOX. HARSE A IR AR L, FA
BRI 20 R R IE IS 2 AR N F 1 A F1F HT4 HeLa
2 it B vy A0k L %8k 24 S5 1Y FA B ) JIR R (ICs0=
0.58 mg/L)X HeLa 2t g 1) 20 Ffd 55 4 ¥ 35 A TR 48 )
AR (ICse=1.88 mg/L), HIT#( 5072 DOXAHY .

(@ OH
HN
o ‘i'\/OH + }J—\ OH t N%\ C O~ /\,|-OH
HO C <<;>L CDI {}* o
PEG FA-PEG
(b) ﬁ 0
WfOton  + 'O oMo L. \/\}O{ko /\)%«%\OJ(
oW
’ {
\
\
mPEG/FA-PEG MAC DTC mPEG/(FA-PEG)-b-P(MAC-co-DTC)
R=H;C— or H2N—(\

JRN@_H«N {Z)L

Fig. 9 (a) Synthesis of the macro-initiator FA-PEG; (b) Fabrication of amphiphilic block copolymers, namely FA-PEG-b-P(MAC-
co-DTC) and mPEG-b-P(MAC-co-DTC), via the ring-opening copolymerization of MAC and DTC monomers, using FA-PEG and

mPEG as macro-initiators, respectively!!40],

3 MiFEHERERTS

UU V. P R B2 B (TeMC) 2 Lo 3R B . 5105
T H 155 BRI PTMC AN, 58 DU Y R L
@E(P%MC)I%B%W%@W%%%E'Fé., Hsik s
i, BAPTMC B8 1 R 2 . B my 1 46 i 2
&Eﬁn#mmmﬁﬁ e, PIrE KA
A R 2GR AR B 2H 43 TR S R A AT T R
0L I 5N SEAKME RS T 51 R, AT
MR BSLRY), MR TR A AR ik
EIRE(R ).

Feng 5U414E 30 °CIKIE F, FH mPEG (M,=
2.0x10% g/mol) 5| & TeMC FF 3 J 4, N435 ML
F, 43 HA A [F PTeMC 5K 17 356 7 1k B 3L 58
¥ mPEG-PTeMC (& 10(a)). iZIL Rl #E /K 5 24
ST BRI DRI A, i TR R EE(CMC) A 1.6~
9.3x1077 mol/L, B PTeMC BEK 38 i BRAK . B 5
B B B(TEM)ZS RN, R 2 EBRE B ik
B, TAKARLHN25nm, FH36EUOLS) M
27K AR 120~180 nm (& 10(b)). [ A 7L BERE £h
G2 (PBS, pH=7.4)F i & 5 K J5 Kife J6 B B AR
b, FRBHEAG B I R e e . At M B PR S B

Table 3 Preparation of PTeMC via enzymatic ROP of TeMC.

Initiator Enzyme Feed ratio [M]/[I]  Medium

T(°C) t(

Conv. (%) M, xur (g/mol) D Ref

mPEG(o ? N435 1.7:1-17.2:1 Toluene

48 - 5.0x103-2.1x10* 1.71-2.01 [143]

*mPEG (M,=2.0%x10% g/mol) were purchased from Sigma-Aldrich.
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O+/\ +H 4 OJLO N435 /PO\/\]\ ,[J(J)\ /\/\/O+
- —_—

Ol u Toluene, 30 °C 010 nH
mPEG, TeMC mPEG-PTeMC

(b)) 16 (b)) 46 (b3) 6 (bs)
16
12

zn 12 12
[7]
S8 8 8
E

4 4 4

b 0
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= 40
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(8}
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01— T T T T T v 10+ r y T v v v
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Fig. 10 (a) Synthesis of amphiphilic block copolymer mPEG-PTeMC via mPEG-initiated enzymatic ROP of TeMC; (b) TEM
images of micelles self-assembled from: (b;) mPEG-PTeMC,, (b,) mPEG-PTeMC,, (b;) mPEG-PTeMC;, and (b;) mPEG-PTeMC,
alongside their respective size distributions measured via DLS in distilled water; (c) /n vitro cytotoxicity evaluation of mPEG-PTeMC,

across a series of concentrations; (d) Cumulative drug release behaviors of the copolymers: (d;) mPEG-PTeMC,, (d,) mPEG-PTeMC;

and (d;) mPEG-PTeMC, (Reprinted with permission from Ref. [143]; Copyright (2009) American Chemical Society).

7~» mPEG-PTeMC, 7£ M 12k ¥4 B i [ py b A IR 15
293 T 4 JE I B B (B 10(¢)). IR AR K AR AL 24
WA 25 B L R (L) 73%) M B AT N,
FEHUHE % B PTeMC 5K I35 I PR AR (B1 10(d)).

4 KINRBSER

RIR HAA 55 /N IR SR AE ROP # #8422 L] B
FEAEAR T DR . /NA AR I BRI R K 7
e R Eh R, T KA BT 34 3 R AR A AR
N, AR B 2 AR UR SR B 150L BR T )
PRI 25, R Z R THOV R G R R
SO T A5 2 FEE . AR KA BRI R e AL AT 2D
REALABUIE 3 AN TP A B2, 1A
ThRE (2 () 73 M, A4S 22 P BE T RT 4 g D),

1ty A 0 HOE A T R 3R AR ) SR 5 ROPUS!-1531, /T
ok, MR, BB ROP IR AR . il
BEDIRETOR IR GRIR G AR 1) FREAE M, A
T BRI P H AR JE . pH B 55 24 B (3R 4).
HH S KPR R R 23 BRI 51 R RE R B I SR 1 3 SR
I B BT AR IR, SRR T8 P A% R Ko i
TS IR BB 5 (S PR A IR
pH)™ A= BRI 3

DT e g R R EL AR ) 2 A s R R 2
YUK, Feng S USOF R T —Fh -4 & AUE R 141 1) FH
B RO IR IS IE RS0 . KIARIRIEE 6,14- — 1 JE-1,
3,9,11-PU:8 -6, 14- —HUR-H Cbi-2,10- —Hd (My 5L
ADMOC) F RN I RURE L B B A pH BUE,  [RI
WG T AE G B T SRS peh BB ORI AR
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Table 4 Synthesis of backbone-functionalized polycarbonates via enzymatic ROP.

. Feed ratio . T t Conv. M,

Monomer Initiator Enzyme MY/[1] Medium ©C) (b %) @ /51\]11\;]1{) D Ref.
Mgg BnOH N435  20:1-100:1 Toluene 70 12 92~93 7.7x10°-3.47x10* 1.40-1.44 [157]
N435  20:1-100:1 Toluene 70 12 93~94 6.9x10°-3.36x10* 1.38-1.45 [158]
MPEG N435 20:1 Toluene 70 12 92 8.6x10° 1.46 [158]
PEG, N435 20:1 Toluene 70 12 90 8.5x10° 1.53 [158]
Mg BnOH N435  20:1-100:1 Toluene 70 10 97  6.0x10°-2.91x10* 1.31-1.55 [157]
mMPEG N435 5:1-50:1 Toluene 70 12 93-98 9.7x103-2.57x10* 1.26-1.48 [159]
Y/ BnOH N435  20:1-100:1 Toluene 70 6 97-98 8.7x103-3.53x10* 1.26-1.48 [157]
10:1-100:1 Toluene 70 12-48 - 5.6x103-3.59x10* 1.30-1.36 [164]
mPEGy; N435 6:1-30:1 Toluene 70 24 - 4.0x103-1.37x10* 1.13-1.26 [160]
MPEG N435 10:1 Toluene 70 12 - 5.5%10° 1.33 [164]
PEG, N435 10:1 Toluene 70 12 - 5.5%10° 1.50 [164]
Mg.s. BnOH N435 20:1 Toluene 70 72 54-61 5.0x10° - [157]

N435 20:1 THF 70 72 46 - -

N435 20:1 1,4-Dioxane 70 72 71 - -
PTMCy50-OH  N435 20:1 Toluene 70 24 94 1.66x10* 1.12 [157]
mPEG,(,,-OH  N435 20:1 Toluene 70 72 69 - - [157]

3 Measured by GPC.

PP, HPMyRIREM=Y RAmME, TR R
B AR 5| R ) 98 i DR 25 DT 1 . DA N435 9 AL
7, #it mPEG (M,=2.0x103 g/mol)5] & My 5 e-CL
TEIRILER, MTh& T PSRN B =T R Y
mPEG-b-poly(My-co-CL) (K 11(a)). ZIL T B 4
BT N K B AL A pH MR R AREVE (B 11(b)): FEAS
UL TR 8 T R 1 2% 4 T (pH=6.0),  AUIEJE Tk
AT, R HAHE R, SRR, S
HURHRARFRIEZN, S5H AR, AT SEER AT i

EHIRIE R, 5 h PR IL 73%. 1%L R X
HeLa F11 COS7 4 g 351 2 30 AR AL (1) B3 2151,

B D) ReA T B AR S WA K DR TG
EORPkAR, FOMSITE T 355 & ThAs S F 1 FOR
M DA R4 4% . Lang Al Zhang 2505742 T —Fh & 5%
FHEThRe AL PR AR TR BRI ()8 FH SR me : 1) A N435 i
b5 BT (S/Se) I Th e —BE 5 Bk R — 2K I8 (DPC) TR
o SRR () H RIS R R AT KIR & (RS, &
BT SR (M) BB (Mgg)s Al Bk (Mge) Sz A

@ (\ITI/\' i N435 | 1
/O‘L/\ +H + OYO OYO + o 2 ,PO\/‘H(\O/\/N \/\O)LHOM’]}
O X o) [ o) 60 °C X yz o) z
~ N
mPEG My &-CL mPEG-b-P(My-co-CL)
®) PMy % — . Drug e

e

H+
H+

Volume expansion .
H* H*

L]
L]
g H g+
L]
- 8 H*
+ (VI
N H' it H+

Fig. 11 (a) Synthesis of the amphiphilic block copolymer mPEG-b-poly(My-co-CL) via mPEG-initiated enzymatic ring-opening

copolymerization of My and ¢-CL; (b) Schematic illustration depicting the pH-responsive morphological transitions of micelles as

well as the corresponding drug release behaviors[!>¢l,
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B8 (Msese) (I PRAR B R i — SR A 4K . 5K mE B R
S E ReIN SZ M, WY R A N-HUARAE HoA = R D)
Reft iR 2 . LABnOH N5 K 7], N435 MfELA], ff
IR EAARAE 70 °CH 2R IR S (] 12). Mgy Mgs
F M, (1) 5 Ak 26 35088 1 90%,  FT 15 Ak B T (PMs
PMgs. PMs )7 ¥ & A% H A A5 78 (D=1.26~1.55).
SR, BT PMgese 7E R IR AR AR 22, S EUR
AR R IGE AR AR A, Mg, IEE A RAUH 54%.
EEXTIXAN W, A ATTRI A AU SRR, S
#% 1 BA RUFHAEIER K551 & H PTMC-OH fE
J CRIVEPEEART, A B EGE TR AR

C¢H50C0,CoHs/N43S

BIRIRES, I Maese AR RIBHE T 22 94%, IF
RN 2% T R BLIE R Y PTMC-b-PMg,s,. 85 1)
B RE AR T 1 SRR R I S A3 S e R, e 6
H,0,. 73 HEEE(DTT). & H Ik (GSH) 2% 4= 4)
5T AR S I R L IR ek R R ) S AT
N, EERWIREE LT ARV R, (%50
BHE R FERE ) HIRTVR T A R BB 24543 308 S5 A L
B RN AT f£2 50 TAEF, Lang Al Wei
ZE0S8155- 551 Ff mPEG (M,=2.0x10° g/mol)#1 PEG (M,=
2.0x10° g/mol) 51 K Mss &, 34570 18 /0 A Lo
(D=1.46, D=1.53)PisEHtiRBEILEY .

0
(\ OJ\O/\ R'OH/N435

HO > Roon )
. Ring-closure
Sulfur/selenium

functionalized diols

(0]
R’ R H
\O‘[JJ\ o~ \/\O,]/n
Sulfur/selenium main chain functionalized
polycarbonates (PMg)

R R ——m>
\L )OJ\ J/ Ring-opening
0~ "0
Mg

R Mg PMy
SS Mgg PMgq
S Mg PMg
Se Mg, PMg,
SeSe Mgese PMg,se

Fig. 12 General synthetic strategies for backbone-functionalized cyclic carbonates and their corresponding polymers!!*7l,

TE DAL 3 32 B T RE AR IR Bk () Bty 1, AF
FUik— 20 AR T IE i LR M A iR 2 Bl L A
DARSLALL 5 % P Jev o i R 53 5 ST 0 K9 1A 1) 245 7 4 ol
BT . Zhang S5 F N435 L M IR R A, mPEG
(M,=2.0x10% g/mol)y A5 K, #l4% 17 FEMIRBIL
Z4) mPEG-b-PMs (M, 6pc=9.7x103~2.53x10* g/mol ,
P=1.26~1.48). ZI LB B HEE R K R,
B B RE TR T MRS 25 17 1 % (ROS)
M S 13 (a)). FEHLO.ER T, BRERER: A ok
IKPERDEARFIINES, 51 REBE SR AETK-SEKEEAR,
SFHGPKL RS AR SRR,
H BT o> T REM PR I e e, RE W T,
w, AR R LN ARANER I, SR E A BT R R,
T FRFD AT M 270 °CF# %2 220 °C. mPEG-b-PMg
Jo HAE AR P2 W AE T35 250 pg/mL FIREE R X I & 4
MI(L929) FIJE 41 il (HeLa) ) o 2 5 85 1, I T R
UF (R A= W0 AE 25 1 % L AE ROS i[5 74 245 47 336 325 4535
(IR 77 N T B4R FE ROS i 82 R B5RE
Zhang 25016013 1 i {2 ROP & F 7 = 4 25 i 1k 5 14
MPEGys-b-PMg, (M, xpz=4.0x103~1.37x10* g/mol, D=
1.13~1.26). 1%L RITE K 228 B 9K i R
B 85 K ROS Wi PR 13(b)): 57K 2 F i ik
FE R AR A 5 mmol/L ) HyO, /5 FH 7R B AT 4 bR sk 45

AR S K (R S AR ER AT B, 5] R I SR K % A
& . 5 AT mPEG-b-PS #H EL, B i B A FEE A
100 mmol/L i 2 B4 % 5 mmol/L, ¢ 4= M i A [A] A
96 h KIEZEFE A 12 h A . Ak, B B 5 X6t i 7
HERGWIEER, HKEEBBA, RRZESEE,
FALFNBIENE, FEIURE S H I IE R 2

EH T e 8 kP 5 [ R EL A 55 R M R 7R GSHL K
FERIHRFAE, Zhang SE160H] 8 1 3T SRR TR B 2244
AR R H IR R, IR RE P
2y AR SR T B 5 . LA BnOH 5| & pH BUK LA
My 518 JE U AR Mg PR LI, &l 1 8
B 5 — s Jo 35 2B Y poly(My-co-Mss). H1 T
WU A A Re J1 3R B8k Ik, s 2248
gk, RIE R 5| NME S 1) PEG S35 /KEEEL,
ZIL IR RN AT LK I 22 OREAR 29 70 nm )
PRI . 12 R AE AL AU i T8 R 455 v J B0 .
) pH/AE J5 0 1 7 1 (] 14(a)): 7B BR P 26 1 (pH=
5.5 K, BUE T3 BUR R 72 )2 st 5 77 39 K
WK, SRR 15K GSH 16 i 1 58
i, R S EBUR S E LR LB KA
AR, SRR IRl 4 2 .

B T 5RIE JEE X —HFEAL, ROS K54 T
2 TR R 855 (1) B ZEARRAIE . Zhang 25011 mPEG
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Fig. 13 (a) Self-assembly behaviors and oxidation properties of mPEG-b-PMg copolymers!!®; (b) Oxidation process and self-

assembly characteristics of MPEGys-b-PMg, 6.

(M,=2.0x10° g/mol) 5| & My 5 Mg, FFIRJL T, &k
T 3B e BRGS0 T R A ) R S P R B3R R
¥ mPEG-b-poly(My-co-Ms,) (M xpp=7.4%103~8.1x
10% g/mol, D=1.36~1.49). ZILTW) B BT BRI 44
K SRR I H AR 7 1 ROS/pH XUEE 1 5 14: (& 14(b)) =
P ik 35 (4] T B HL O S T3 S804 S 536 7K 12 100 Al T B
AIBA, 4 A ) 57 T 6 54 5 T T Tk 2R 6 ) 1k R 42
THT 21065, B & T 2R U R A
MAERR T 25 (pH=5.0) N, HUI&Z T 4651 & ¥ f faf
JF 15 0K M 0 T BUROR B35 K, KA 2
65 nm 14 22 £ 320 nm. IXFf X0 B i R RE A AL
WHUE ) DOX, I AERL AL I8 A 55 S I 2
PIRPOE R, 12 h WREUE 70%. %35 R 3L

AP IE IR IR BT T (<200 pg/mL)¥) R B R 1T
IV

BT HARBRIRER 1L, Zhang ZEUSHAREFL T
P SRR BR TS 0 AL 5 . DAN435 {4k mPEG (M=
2.0%10% g/mol)5| & e&-CL 5 Mg s LT, AR 1k
BAERYImPEG-b-poly(CL-co-Msese) (M nyz=3.5%10°~
2.19x10* g/mol, P=1.36~1.78). e-CL {1 51 Kb
G T AR RIIIA M, B Mg, IS 10 5 N3
R 1 33% 2Tt 2 3L T 1) 97%. PMg.s, i Bt 23
PCL 50 2 T 1%, I HBEHE Mges A0 3G I, 3%
Y T, tH-48.9 °CHH 1 Z2-10.7 °C. ZIL R AELE
K A BRI 29 50 nm (AR, ERET R
TR T 7 ROS/GSH XU M M. 7F H,0, A4k
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Fig. 14 (a) Synthesis of the poly(My-co-Mgs) copolymer via lipase-catalyzed ROP, along with its reductive and pH-responsive

behaviors [1°'l. (b) Oxidative and pH-responsive behaviors of the mPEG-b-poly(My-co-Mg,) block copolymer: Micellar swelling is

triggered by enhanced hydrophilicity derived from the oxidation of selenide groups to hydrophilic selenoxide or selenone, coupled

with the protonation of tertiary amine groups [1¢2],
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Fig. 15 (a) Synthetic route of macrocyclic carbonate TDC; (b) Enzymatic ring-opening copolymerization of Mg.s. with TMC or

TDC; (¢) Self-assembly behaviors and oxidation processes of amphiphilic diselenide-containing copolymers(32],
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