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Abstract In recent years, the use of gas therapy has been more and more concerned by researchers in biomedical applica-
tions. Carbon monoxide (CO) is a diatomic gas messenger molecule with the function of transmitting intercellular infor-
mation and regulating cellular signals. CO is found to play an extremely important physiological role in multiple systems,
including cardiovascular system, nervous system, immune system, endocrine system and respiratory system, cancer therapy,
coagulation and fibrinolysis system, organ transplantation and preservation, and so on. The biological functions of carbon
monoxide molecule greatly depend on the its concentration, position, and duration. However, the existing carbon monoxide
donors including Mn,(CO);g, Ru,Cl4(CO)s, Ru(CO);Cl(glycinato), CORM-F, CORM-A1 have some disadvantages, such as
poor stability, difficulties in dose control, lack of targeting, potential toxic and side effects on normal cells and tissues, which
limited their further applications. How to control the concentration of carbon monoxide in the specific region has always been
a big challenge in the field of biomedical applications. With the rapid development of nanoscience and technology, research-
ers have constructed a series of multifunctional carbon monoxide releasing nanomaterials, provided a new idea for CO con-
trolled release, and applied them in the field of biomedicine. In this paper, several kinds of endogenous/exogenous stimu-
lus-responsive CO releasing nanomaterials with the unique advantages are introduced based on the stimuli source. Then, the
applications of these controlled CO releasing nanomaterials in biomedical fields, such as inhibiting inflammation, anti-bacte-
rial and cancer therapy, are summarized. Finally, the challenges and prospects of CO releasing nanomaterials are discussed.
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Figure 1 (a) Schematic of the release of carbon monoxide from poly-
mer nanomicelle P(OEGA)-b-(4VP-CORM-2); (b) The curve of CO
release changing with time at different pH values®*. Adopted with per-

mission from ref. 48 Copyright 2016 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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Figure 2 (a) Structure and working mechanism of MnCO@hMSN nanoparticles (left); TEM image of the hMSN carrier (A), and TEM image and corre-
sponding element mapping of the MnCO@hMSN nanomedicine (B) (right)®®. Reproduced from Ref. 56 with permission from The Royal Society of
Chemistry 2017. (b) Schematic diagram of the structure and its mechanism of releasing CO of MnCO@Ti-MOF (left); Real-time concentration curve for
releasing CO of MnCO@Ti-MOF at different concentrations of H,0, (right)*”. Adopted with permission from ref. 57 Copyright 2018 Wiley-VCH Verlag
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Maldonado 217V 4 B T — i K 5 41 €58 e ) O B R
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(R, — SR A AT U 20 A S RE T A K A4 k), T
DME N EZ CO, BARE YR AT 5. Ford
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FHIE LA e RN CO BB TR ZL AN RS
T, BRI RN AT A 2026 R S T
JeEIE 5L, B RE AR I 4 PR R SR TH K Ok
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REANFTCRB &I 700, Pka] DLICEL 2 FiAS [F) 3
KHUKR) CORMSs, 3 INILAE R i RIE M. BT 2
T LGN LR GURARL  Ah, BT SRR
AT K (TTAYHLER 1) 50T B g KA Rt AT LA R60R K
WK B G. Schiller ZE721% T — R R FH 41 6(635
nm) B E U CO BT Mny(CO), HI SRR, A ATIR
F WU 25 25 DO 2 R A A — 2R A R IR 771, TR
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Ui CO ik, LR CO. Bk T iXELu bRl AL,
HA NIR WIHEE 1A A S8 (GOYG K At mT LA
NIREME AR, M@ COo gk &,
Chen ZPWGiH&R T —FE M4 BE-REEE &
YRR, ST IR ALAMX I CO ST R 3c).
KRR RL A 40K 250 R GO Y NIR Wi R 37 ANl e i
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B 3 (a) UiO-67-bpy 11 SEM &, (b) CORF-1 756 fR R T Rk
CO 7R EEI(/); CORF-1 KGR CO MFF RGN ()
PEG-BPY[MnBr(CO);]-GO [¥14> T £5#F1 CO Begtil il n & B0
Figure 3 (a) SEM image of Uio-67-bpy""”; (b) Schematic diagram of
CORF-1 releasing CO under light stimulation (left); CORF-1 light re-
sponse CO release switch performance (right)””. Reproduced from Ref.
70 with permission from The Royal Society of Chemistry 2017. (c¢) Mo-
lecular structure and CO release mechanism of PEG-BPY[MnBr(CO);]-
GO™!. Adopted with permission from ref. 73 Copyright 2015 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim
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B m-PB-CO 44 KAF R T MR e #aayr .,
KB CO H#HEIr AW R RN, F ik,

Acta Chim. Sinica 2019, 77, 406—417



1 F F ®R

m-PB-CO 4K AH KL AT LA [F] i SEBLL 404 i B ) CO
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TARVOR L ] B, P A S KA R 2
Yh¥niE R SRR, 18 F9URM EME NI E — S AL BR A
RMEARIAT THPP R E, HIR TIRZ EERL 10
A B SRR 18 B g K k) B 1 Be L35 Re e 12
CO B BE 1, SR It R, AR T2k CO %
YKATRIAE JOREPON . B DA SR ER P T A A s 2
SRR

3.1 —FLER(CO)ERBRLARM R R FEIATT S A B
A

Ak, WA ENTRIL—SA(CO)F CO Hiik s
F(CORMS)7E T T G i M| AP R IE T A H S 21
Jj FHU2OL879 S A 2 5 U T 22 24 RS AL IR 1 B
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(mitogen-activated protein kinase, MAPK)AH IS5 5 il i
N c-Jun 243 K Ui B (c-Jun N-terminal kinases, INK){5
SIE I, R IR R T oo G0 28 1 R A
T-1 S R AELN PR T BRI kA, 7E Jurkat T 4
farR, B HO-1 F=2E/) CO EHEIE B RERL B R IL-2
SIUAREAINE] T UM ARG EE . 2 R AN TGRS
CO A&7, Filt CORM-2 F1 CORM-3, W]l it 1#55
WIETE HO FITETER HO-1 HIEIEHH LPS /S
RAW264.7 /IN B LS4 980 e w2019 CORM-3 i
S FMEBELEG . AR 7 &S TIE S 1 BV-2 /MR
YN RIE R, I — B TNF-o 774000102,
Uk, B0 R R fE ] MAPK i B 16 fE R,
CORM-3 ¥ Pt & A A B R4 5%, 1] UL CORM-3 [HT &AL
HA A 2 Bl b 1 Bl 35 1, T 2 5 S IR 2 IR I 4t
P -5 3 g 2 D) AR D03 1041

Hubbell 2515 8% 7 — R & CO HHAMFIEM:
R BCIL IR B AT U R A AN K ISR (CO-releasing
micelle). X Ff 4K i AT DLTE 35 25 ¥ 8 RBE i Co,
HORRHOE R B OR E S CO AR ISR SR LM &
AKX, BEE, MAITEARIME R R AR E Y SEAP
A2 A THP-1 Blue 4HIGAE T iZ KR IPT %8
FERRL. LPS ] LARIBBE NF-xB {5 5k, (H43
THP-1 Blue 4Hf 7 SEAP. ¥4l 5 CO-releasing
micelle J&[F] 9% & 7] LLAKFEAK SEAP FOREE, UK
Ty K S R R A 23] LPS 5 S SR S . {EAE,
B CO 4K Ru(CO)5Cl(glycinate) H- 1% A 7 I 4]
BN, JTTINJE] T JERE SN RR . AW ATTHENDX T RE S
T Ru MEI=YA 2. MMEE ML B, CO ik
Ru(CO);Cl(glycinate) 7E 5 1 ¥k B T A — & I 41 g 75 1
(IC5=600 pmol/L), 1fii CO-releasing micelle {£ 1 mmol/L
WA W R k. bk, Hasegawa Z5!'06TF|

B K LB R 1) 98 K kL T (PBANPs) fi . CO it 4k
CO-DOPA, il % 1 —Fi R B CO AR G 4Kt
Fi(CONPs), ¥HH THLRAEIGIT. £ LPS 31 &%E
R, CONPs. CO fit{A CO-DOPA F1 CORM-3 #ifE
L E N E R4 W B/ 3R IL-6. B8 CONPs (¥t
RIEMREFZT CO ik CO-DOPA Al CORM-3, {H
Hoanfp st g N T e R, Rbnr i, 8 Rk
JiE AR 41 2, CORMSs [ 5mE mT LA KR =7 CO # R R
WA tt, R ABRAE S VR T U B SR At T
— N WE T E.

Bk T AT LA BEAR B R 2 Ak, R 90 oK B 6 3
CORMs BREW ML CO HIREHGHEE, Mifixt HAE
BN P A — T B, Kim 20U H I = H RS N
10>, LL Tween 20 Span 20 Fll Myrj S40 43R [ 7% 1471,
HH# CO itttk CORM-2 WRFRTEHNETEAL T —Fhml BEjiL
CO HIJIE R 40K ki (CORM-2-NPs). 7£ LPS i S 4k 4k
RAERAR - CORM-2-NPs F 8 H 5 4 i 0 A JE fiE
FEAA A 9256, CORM-2-NPs Al CORM-2 #B 1] LLA 2
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il iz i 51 R R 9 RE T 3 B R BRUTGE K I I %, Hobt
RIEBCR BT T H AT PR b8 A S A ¢ 25-m5]
. ARSI AL &, CORM-2-NPs FIHT 4 IERL
LT MY CORM-2. Il CO R 22,
AT I CORM-2 7EI R H PROE B CO, 7E 10 min B}
IR & AT Ik 70%; 1 CORM-2-NPs 1] LR S8/ £
SE MR CO. Rtk 75 4 P9 R0 A4 A1 (1) 98 RE 5 7Y o
CORM-2-NPs #{3R I H B 47 T 2 SE AR (B 4). Ueno
U 4 7 — F 414 CORMs %k & A % (Fr) & &
Fr-CORM, IXFhiE H AR IRIE CO BB 2,
K CO HBEARRER 22 1, DRI RE A I (A1 R SR AR 35
R, LIRS R EIR, ZIRARN CO BBGERL
CORM-3 8 18 5 LA b, HBuH %% H+ NF-«B [
ReRrbE 10 75, A EENPURIEMER. S, Ueno
DOV G — B R B T — Mot Fr-CORM 1k &, 7F
HEK293 fiffirh a4 oS 1 NF-«xB {5 Sl g, Xk
FEE ARSI CO BRYCKM LA £ et
UF AUMOERECE R K AR SE A R kR R
LT CO IBIERR. 25 LATIR, CO BRI ELR AL
BRI OB TR AR 3, 7 S VR T Atk B A R AF 1

7 PR
ﬁaF‘

(@)

Normal saline Carrageenan Indomethacin
CORM-2 solution CORM-2-NPs
6 e

* :lﬁ.‘},'v: '.

Carrageenan

Bl aTY PETOMNIMT R S ¢ a
CORM-2 solution CORM-2-NPs
B 4 (@ KREHRRRESRIEZE, LS mgE T o)
FRREFE, KRZHHERNRIE LA HEE Je )17
Figure 4 (a) Real-time imaging of the rats' feet after the injection of
carrageenan-induced inflammation; (b) Microscopic images of H&E
staining sections of carrageenan-induced rat foot tissues'’”. Reproduced
from Ref. 107 with permission from 2016 European Journal of Pharma-
ceutics and Biopharmaceutics
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32 —ENBR(CONTHRANRM BN EIATT MBI X
H

H AT, 58 AR R 24 1 5 B0 A 207 24T B 11 1) 8t
XF AR ER A T A 38 AR K U, X o ROB BT
HIFIFEH T RECNOTIS parr TR B — 4
TR (CO) 2 i 2R AR B B O W % 1) A Rl 351 b 4b,
CO fgilid P38 /S TLR4 ik g3k F M4 s xd K
FFBA M0, FAEBEAE 970y SRS P I e 7 = B
SN A RO R CO A AR BT AT R
FEERIIER. SRESLhrR S, £/ CO SRR
P70 T 791 2 A AE 77 M DA 1) T S R w1 ) AL
1M CORMs AJ LATERFE 2R CO, HAIRAHN 255
5. Saraiva ZEMTL I CO K4 T (CORM-2 #lI
CORM-3) %} Z Pl 4l B A BH S ) 0 ok 5 R 78 VR HP
B CORM-2 5k# CORM-3 2= T HUK AT i Al 4 3 (o )
EIERPAE 30 min WAAEZE FF%, 4 h JiEgkseA K.
Persson 251814138 T CORM-2 1] LAk B A £ B 2414
) UPEC KMp4ipe, HA Rl ARR AT 5t ek,
H'EZ P CORMs 4 4l fig % 5 Brifd $1 A4 2 1 20
w10 B L, CORMSs SR EAERE 25 . HEE T K
Skt Rk, BFFCE AT SR FH 4R R A 3 i e
TX L ]

REMPR B BA 2 AR FBREIER DN
G R VEAR AR A, )32 N T 25 s Ak 121,
Boyer &AL T — RANKEMAKEAA, KBS Co
BEARZE G2 ZF 0T LR CO MR G MAKRBRL. fih
IRBLIEFEA CO ZRERE TR G WA KBRS
CORM-2 —F¥, el o] i SR AF 5o i BT 7 A2 AR 5 Fr # i 1
. SEEG S5 R IR, CO SRR KRN 7 1 Bl AR A7) s
HH TR 2 A AR B ) R A RO, AR B T R
CORM-2. J£H, CO &R EWYIAKBURLI 5 BT /)
T CORM-2, HAzeMA/KEEWARRRIERA. Hi,
XA B2 A T # ) CO BRR B MANAKMBIE
BB SUHIEA R R R 5
3.3 —SER(CO)IERBRMRMRHE R IEIATT U 2
H

TERCR- B, BFFN U I CO S A ga 4
JA (R TR FEE> 12212 BRI, CO AR B KR4
CORMSs AR AP 22 . F AN A 45 FIVE E 75 1 55 i) i,
BR i 7 FCAE bR I T AR A S . F T gk Bk e
i 2 AL A7 A BF S 2 375 i B 14 98 2008 (Enhanced per-
meability and retention effect, EPR), J s} &3 (44K i
FLER T DG SRR = SR Rg 41 41, SO e A 1) 1)
Zitniato Rk, 18 F9KAEHME N 2 E Ak R
— AR LR (CORMS), FE65H = i i 14 R0 ek e i i
A, TR T BB T A
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) CO BN KA B MnCO@hMSN). X Fh gy KA1 kR
T CO I 2 5 HyO, FIVRFE S IEARE, T 68 4 it v (1)
H,0, /K P, Rt MnCO@hMSN A DLZE fif 83 48 it 9
PR AL CO, A% MR 4n AL, X Fh ) F e 40 g A e
i L DAY A DA R 22 e T ST BULBEES o) R A% P SRS, o T
PEEVRIT AR KRR RIEH B A BV EE R R R X
FEC A L, Gu ZE08F I [F R 50 806840 T Ce6 A
CO fitf& CORM-401 FI49 KA £ CORM@G3DSP-Ceb),
IS B TR TT I TE IR A 9 7= AR K& ROS,
FeEAM AN H0, BFIE &, ®WEN HO, 7T U2 i
CORM-401 HRIEBE K CO, A3 Rg a7 1 H 1 (& 5).
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CO, H5XeIGIT AT Y R AT IRE T . TG RS20
gER IR, fE18M PEG JGH m-PB-CO 5 0.8 W/em® #
R BT A, N IR LT e k. JF
BAEIRTT R AN RO S v R B R R R e, OB AT
SRR KA. BT S5eaarhFEZ 4 CO s
T AL G R R YT T A U FE R (B 6). Zhang
%“271'{?5& J=will Ag;PO, P N AR R S| C3Ny ':F', il & —
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Figure 5 (a) Schematic illustration for the design and anti-tumor effect of CORM@G3DSP-Ce6; (b) Efficacy of tumor therapy in vivo experiments®®.
Reproduced from Ref. 58 with permission from 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 (a) Synthetic strategy for NIR-responsive m-PB-CO/PEG NPs
and schematic diagram of application in photo-thermal therapy and ultra-
sound imaging; (b) The curve of tumor growth under different treatment
conditions”. Reproduced from Ref. 79 with permission from 2016
American Chemical Society

g e (8 iR AU R Z R AR 1 A=V B R, R 240 L P9 1 AL
RIPRERE, A4S H LT 2510 B 2K (DOX) BE N 8L,
FFORAP 1L H A AN SZ AT T 25D IR5 5. AR AN AR S
FRIDEMEALER CO 5 DOX &R T BA W M
kR RO A . XA RE SR JRA ™ A4 CO AR RN
CO “UALE IR IR TT E0E 1B T 1A

4 RESRE

AR, AURIRIT AR — AN B I T U R
PR 27 IR N R S BRI FLE AT ORTE. CO =2k
Bl —, fEEMENERHER EENER. HS
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CO FERILABAL AR EE A T AR AR DR 2 U N Y 11
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RAFIHEA, X RRZRR VEAH A 4R T R R A CO B
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