254k Acta Pharmaceutica Sinica 2020, 55(7): 1511 -1519 < 1511 -

ERBINEREEMEATENMRIHR

T, T A
(PRI 2K 25 i 1 2 U 80T 9 A A S0, Y95 A 210009)

FHE: &8 A HHESL (metal-organic frameworks, MOFs) & HH A HLAC AR 5 4 i 5 1 3 ik F Ao B TE B 1140 22 L 485 &y
PEIE A, B v R I A B AL g 8 K EE R AR LA B T I REAUAB U S 08 o5, TE ARG A7/ 25 AL A IR
AW AR RN 245 )38 6 S AT A5 B 12 N A . I E4E, MOFSs ZE 12 T RNVA T 5 1T, R R TR RIS . A s
T MOFSs TE AW % I8 20 L RLAR A N BLAR 245 i ik 85 A v () B2, R 35 7 MIOFs 78 AR 49 I 24 1 ) v AT A7 7E 1)
— B ) {5, I TRV, N BRI S W AR T TR S

KRR & JE A VUNERL, AEWAE R ARG B, iR T

FESHES: R43 SCHAFRIRAD: A X E S 0513-4870(2020)07-1511-09

Recent advances of metal-organic frameworks applied in biomedicine
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Abstract: Metal-organic frameworks (MOFs) are porous crystalline polymers constructed from the coordina-
tion reaction between organic ligands and metal ions. Due to their advantages: adjustable periodic pore structure,
large specific surface area and easy functional modification, etc., MOFs have been widely used in the fields of gas
storage/separation, catalysis, sensing, biological imaging and drug delivery. In recent years, MOFs have shown
great potential in disease diagnosis and treatment. This review summarizes the application of MOFs in the fields of
bio-sensing, cell imaging, in vivo imaging, drug delivery, etc., discusses the problems and corresponding solutions
in the application of MOFs for biomedicine. We hope this review can provide reference for the designing new
methods for disease diagnosis and treatment.
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R TESRAEAT 00 8 AL AR B A ) AR AN 25 )
IESE R B T N o a4 & A A
MOFs F R~ AT F 22 g ok 2 )00, 5 oAb e il L /7y
TEREWPKRAE LM FAFTEREER, JOKRHM
MOFs (nanoscale MOFs, NMOFs) 7 447 125 24 4k ] 2%
I FBRARR AR 2408 O AR AL O (R B
15) R & S5 AR I 2 R, WTAS B[R S5 4 R A 1ot
TES AR ~F 1 NMOFs; @ NMOFs 45 4 ) 2 B 5 T
55 /N T EEY T, SAS ARSI RE @ R
AT LR S5 A (58 T2k 2 R Ak - (W e a1
290y 1R A UIEESE); @ )8 SRR A R AL
FA AW AR 2, (8 NMOFs LA 5 4 (1) A 4 ] [ fie 1k ;
© ik HAY RN AS &8 8 7%, v
18 NMOFs B A B4 1 AL M0 AH B HE RN AR K AE P B 12k o

NMOFs [ H £ A AL A A 6 J& 25 1/ T B A A
GBI IR IT BE J14h, K NMOFs thAE 8k ik F %%
BB Y T, IFH T 1297 0 5 R
(B 1), BA RGADBIEIIBEH NMOFs AR 155
T 1 RO AL BB G R iR (magnetic
resonance imaging, MRI) A1t S ML 214 (computed
tomography, CT) %5 (159 12 Wi e 47, 723 IR 8 IT 77
M, B 1 CAZ5 5 1A v A HLEC A4 4L, NMOFs L iIE
SR AN T A BT 2 JTRORT g SR R A
W J5t, JCHAE b g F B 1 3 2 U T, R I TR T
1. BABG, £E959% 12 W 5 06 9T ST, MOFs (4 il 2
NMOFs), {E 734 )32 TR N HAF 7t .
1 MOFsHHI& 5181

T & HUMOFs {5 J& & T IR Fh R B 2, &
JBE T REALESE TR, W Zn?* JFe¥ \Mn** Zr* |
Co**.Cu?%g, DL K Fi + o0 % La® JEu** . Th** %%, MOFs
RCIA 2k H & BRI KRBT FRBRIUEGY . TR~

Guest loading

IRRBCAR I MOFs 1, B HH 5 )32 1 2 o A K M P ATE 42
(zeolitic imidazolate frameworks, ZIFs), BiFr N4 R 2 %
M4 IE 22 (metal azolate frameworks, MAFs). H Bk i 2
JC A2 A B, O AL O AT O RLAS B A — R R AL T
43 T 45 K 1) 2 5L MOFse17, 5 ¥4 B it 44 1) MOFs
W BB 28 L 0 MIL (materials of institute Lavoisier)
A, & i I B A AL 0 5 X R R R
PR 0 AR I A R Pk A T AR 5 R I SRR A
FOAR, BRIR IR B BT ML AL RE /7, DRI &5 FR IR Il A4
) MOFs A5 AH 5 o R A2

H AT, 55 WL MOFs & Jil 7 A W 3 (K #4)
RO R VR AU ) 2 A S (K2).

TR B KR R A a2 B O T, R
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H, fE SR R SRR, — ROROME 12~72 h, 43 3
MOFs fh A o 1% 777 B ff F B 3% 570 2 LUK BGR K
PLIEFR N 3, BTN, N-— FE B (DMF)., £ |
ME %5 o SRAE A OKRB) EAR S T =il &
RN SR JEORE )V R e, R4S B e
MOFs #4183 A8 1 71 S8 AL, R 45 31 7 50 A0 45 44 A
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Post modification + Targeting modification

+ Biocompatibility modification

* Fluorescent sensing/imaging
+ CT imaging
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Metal ions

« Fluorescent sensing/imaging
* Photodynamic therapy
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+ Drugs/fluorophores
* Nanoparticles

* Biomolecules

* PAl reagents

Figure 1 Metal-organic frameworks (MOFs) applied in the field of biomedicine



ERAAE R A HUHE AL AR A M B 24 U T ek J - 1513 -

Ligands: Metal ions:
R-COOH Zn? Fe*, Eu*,
R2-NH

R3 N Gd’ Mn? .

Solvothermal method
Microwave synthesis

/ Ultmsmlc synlhesu
-

Synthesis

L]
Precursors

MOFs

Y Metal ion modification

Functional groups
L - 3 Lol

: . ﬁj‘
. et i
Post Ba—

modification | ;02nd modification

Figure 2 Schematic illustration of the preparation of MOFs, and the post-modification of MOFs
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R R RIS AU ) S T A e T AR R
J& BV A, I BR B ML T S 1 153 ) MOFs M L. 1%
Ji 70 % A MU A > B A HLE R, A FT MOFs
PRI JE BAALEE . 7 3 G Ry A AR e 7 3 2 A B
B, AT RN F R AR R B v iR s T, R R TR
13 FRAE I 51 B NMOFSs. 1% 5 2= 7T K I P ARG o A I
18], 345 /N R ~J i) NMOFs.  7£ MOFs ] £ i #2
Jr R F IR 1) 6 7 3 VI R PSR ST T pH B BCAAR RN 4
BT BB 5 R P e i PEE R (1) 25, 54 5 1 T 1
#[1 MOFs [ T3 45 1 L Je 45 AR BE . [RLG, FE 1) %
H A ReE U5 45 M FI Th RE 1 MOFs B, B 78 73 2% 5% )

FAF, EBEEE T
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HE S L 25 4 b, 5 AN BE IR T MOFs A4 BHRR Bk ¥ 2E 9 2%
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Figure 3 MOF-based probes for in vitro sensing, intracellular imaging, and in vivo imaging
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SRR AR, TELIR AR SMS W LS AR AR B IR FE AR IR 2R
SRR N 5 A S A A 1) N FH T S5 8900 AR e A A
W7, KOG TN )Tz . MOFs R
JeME R EE R A A VLR &R B 7R E T H A
BAR YR R CRURL o F5E T TC A4 1 o IR 5 A0 TC A4
H &3 hitk RO R TSR E TR, FEZM
Z MOFs WL AR 55 40 22 4 &8 55 (W Eud (T 5§) 2
V) 0 R 2R 85087, B e ok A AL A T WA 1) e o A e 2
RIGRE JTH S W F B 1, K TR 2 = B R B 1
POGHR AL A, MOFs #1 K}t 47 7E H fif %% 7% K Ol
o, ELFE EC AR B 43 8 5 - 1) LA e L B T AR 1
it B 4 NG A A 1) HL A 36 7%

FIH MOFs H & 175 Je v i, S H AR A= 7 +
A B N, 2 L@ i MOFs 1 £ FL 45 1), M H 45 4
I DR AR A, 5 H PR R IR, IF 9] K MOFs %%
FEHE R, Gn: H PR R BCOR R RR B A i
e 1k A AR A, 33T L0 MOFs %80t A S 58 5 B8 H A
)3 E MOFs HE B2 45 4 1) 153 e B 25, o6 60 38 T JH o
B CHRIRE I R, P2 AE R NG T . xR EFE
AT AEA B S e B A E Ny (&R 2
CU IR BR T 1 A5 (1) A% Jk

1M A L8 2 B A B A % 06 1% T 1) MOFs (211 MIL-
101. UiO-66-NH, fll MIL-88 £5) i a] LA Jy v K 5],
5% HFRC I EY) o T2, T it o e fe 348 .
R A O 4y T bR 0 ) R R 3 TE A4 mT I B T MOFs
LK, BT R IRAEE % # (fluorescence resonance
energy transfer, FRET) 1% 3 ¥ T % #¢ (photoin-
duced electron-transfer, PET) %5 J5L X, 5 BT brid % 6
S HE K A5 BRI AR S, BB i
PECHRIEH), I MOFs R TH LB, 1585256 5r T2 =
BR, TS B AR AR IR S AT . %7k F AT
MR F, U0 DNAJRNA AT F 4% 88 S A 2s8teal,

TE A 22 AL KT T, T 2 3 MOFs 3 HEL P 5 22,
FABEAE R BAR B AL 2= MR A . SR, MOFs 1
Z AL, AL e T AR R AR N LI, BOR R AR
JiE AL T MOFs 4 k) H 3k 1 il 25 5 Pk R 47 1
MOFs #1EH, 75 LAk 22 AL Bd Bl 5 MOFs 45 & 1
AR L B 42 B AN KRR L & A SR A SR A
RPIKE S, REEAEY RS, BEIRFF T MOFs
&L ml, T T b 2= e Re, T HES) T
MOFs Ty e A1 BHE HL AL 7 43 Ui ¥ B2 H 34351, MOFs
Diee M T B Ak 5 4 #r, 3 Bk DU @ A2 SE B
O MOFs# ok BA B %5 5 1Y) ae 2k H1 5 B br
VIR AR, 724 G 5 I EUE; @ K MOFs 1 %k
s, 75 HALIE 451 N IR s B s R AR I, S Al

AE SR @ F)F MOFs (1 /8 b 2 1 A1 5 v LI
A 6 EH AR AT R e R SR, B R XOR EE, 2
A G 5 . FE T MOFs T RE A R H Ak 22 7 vk R,
i 2 78 3R %2 (cyclic voltammetry, CV) 22, 1]
T MR EERE Ny 7 B B A E AR T
Ror o7, I — BhELH IR 7 1R D LA S Ok (elec-
trochemical luminescence, ECL) 7> #Tik . Z 7 ik%i &
T AL TR AL KOG A ik B AR S . MOFs 1]
1E 9 ECL AR R A (1) 2 44, X Ho Al gk 47 & 18, MOFs
55 H AR S 1 1R ) 5 R B, A8 A A 1 PR R g
— B m ECL 7k RIS .

It 4, MOFs #4 4L v F F A= 9 7 1 1) L £ 4% J%
Rk 27 6 5 104k I T T 30400, 451 41, MOFs ] £, 7
ity B LA RS U 1 M 5, WTaE i 3,3',5,5'- DY R I R
[t (TMB)-H,0, 14 &, SEELAY) 4+ (U0 JRIQ AN 43 i H
JIKR5§) 1 b g Jk L4l ) B MOFs (41 MIL-53, PCN-
22 Il NH,-MIL-88 %5) 12 ik S A Wiy v vk, Jd ik oK
i -H,0, 7 5% fft 25 0 A A B 45 o> T EAT 4 2R ROk
44"1:@[40,4310
22 YMEARRE S — L& NMOFs #f Kl (U ZIF-8,
ZIF-90 1 UiO-66 %5), Kl gk R~ Sy —, HAE
VIR NELT, 565 UG H AR S5, o A A% S R
THTIA. BT, KT NMOFs [ 4H i A% 5F ¢
e R MR R e . R 61 5 A R H T NMOFs
A G AT AL E T NMOFs Y 355 1 5¢ 6 2 AR 7
G T R B T DAAE AT L X, B AT 408 2k 41 Ak
HIX . Bilhn, £ ZIF-90 %75 Y% 41 (i rhodamine B,
RhB) ) &4, ATP 1] 5 ZIF-90 H 2-i% JL bk e it 4K 57
e AN Zn2 O AL, BEIR ZIF-Q0 HE LR L5 Ky, R %
ST, PHEVOE M. Z IR LT, Yt — PR
T4 ATP [ alid% . BE4k, Uio-66 & —Fh B B
U 5% S VAR R I R A T 3 TG 7 PR P % 7 1) NMIOFFs.
H4 Ui0-66 5t b 1chid i 1 4 2, ) FH 335 T A4 1) s e
PEIR I RE 77, T A T 40 2 -F miRNAs (41 miR-21, miR-
96 £l miR-125b) )7 ) AR BT 7t 1491

It 4h, MOFs {E 2 3 TH 3 58 47 2 )6 i (surface-
enhanced Raman scattering, SERS) #£ i, i Le4E 155 1
BRI A i 3 % MOFs FL 38 A1 1y E 58 [ 1 1 422,
A3 5 S B AR o AT R R E SR RE T, T 1 A
SERS {55 . MOFs I JiE %t SERS it 18 58 [A 1 1] i& 108,
I HiE i 20 MOFs 145 84, W SEILAS [F A= 4 45 7 1
i R ORI ey ae B P A S, R A MOFs (14 A5, ¥4
IR H T SERS 41 s 20 48 B AR, SR,
H AT LA MOFs {F 3 JiE () SERS 41 g e 1% 352 A /0 4
18, 5 A AERTAE T T B o
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23 ARG NMOFs #R 1 40 i 4% 41,
W F A % Ao B X NMOFs [#12% & 1, $2
YA R R R . FE BRI T 77 T, NMOFs
A3 T S AR Y I E R A BE 208 (enhanced per-
meability and retention effect, EPR effect) i& %] % 4t .
NMOFs o 3d i i/ 40 #h B4 ' 75 B & (photoacoustic
imaging, PAI).CT I MRI S5 £ AR B FHZEAR N AR - He
TR ETE R N 2B VR 22, R BE T NMOFs 1144 4
BAG AT B £LA RO % AR 5t 5 NMOFs T i 2 &
RH 7 510,

CTH R FET X G R 32 W SAF B, w15 2
BE QPR LR 2548, (RS G s A B L, IR 2230
i H L G TR A S5 HE LLIX 4) . NMOFs H1 1) 4 & 75
T ECTE AR TS Sh&EET R
& J& B 1 1) NMOFs . # HI /E CT i& 5257, fn Hf* Al
Zr* JE % NMOFs, Rl ] — &AL i A1 PEG &1 J, 45
/N BRUF I 55T, RO 5 2 A R AT A CTAS 5 1R 32 03
Hh Y,

MRIAE R — P JofE i B H R, BA R4 (75 (8]
R IRBE AR FE MR AAX L E . BT MRI
1140 57 B AR O LI, 38 e 0 R 7R LA S AR R
- F Gd* 5 Mn?* ) NMOFs H i & #% I /£ MRI 1 T1
BH P 38 52 775250 i B 12k (19 NMOFs = ZZ HI/E T1 B
PEIE R, 2 B FH 1 — 28 MRIIE 5771, il a0 & Fe®
{3 MIL % % NMOFs (MIL-101-Fe f1 MIL-100 %%) H %
IR, R 2 BT 1 MRI RIS S 76458, b, R
H % MRI fI1 CT Ih it 1 NMOFs £ & 1 &l th 5 i i,
WIE Gd*-NMOF 5 & 44 K ¥ 1) 2 & Ak, Gd*E A
MRI ¥ TLI&E A, G499 KBEAE A CT AR i 271, T
[ o S BB P44 3 1E) MRIRT CT 437161,

PAI & — P HT (R HE B L T4 3 AR R N AR
BEAR, BAHLUZE % 758 A0 EHMEO L RS v S50 A5

Post :
modification

— e
Drug loading

e
! 4

’"/ <3

Injection medication

Oral medication

Figure 4 MOF-based composites for disease treatment

PALH HIIIE 27 B ALK FIE A &R
T8 5 ) B 49 KA R 52 700 R 46 B S AR A A5 TS, G
L3 5271 ] 5 NMOFs JE 2 G A 8L, G N 2517 2 1)
BE %1% BLI6 T, AR5 W 4% (indocyanine green, ICG)
s Hl T I R IE LM HLG R, B T NMOFs
SR Zh WA A, AT 1S BB 1) PALE F B,
3 ET MOFsH&ERATT

MOFs [K L i bt 2 1 AR R ~F B FLAR (o] il 42 LA
Ko T I ee B i 00 i, TR 16T U2 3 iz
K. Rl NMOFs B RE, 1T 48 % Pl s va 7 A 5%
TARYBT, WY oy B A BT R R OB EIGR]  Gekt
RGN KL T 55, 3810 72 % NMOFs & & # K, 7840 R 15
FARP R PRIRITER . H AT, K5 NMOFs & &
PORHR @ i i ke S 7 N 2, #HAT AT O6Bh 1Eia
J7 (photodynamic therapy, PDT). J%: #J4 J7 (photother-
mal therapy, PTT) f1“i27 — k16”45 (K 4), B D
ORI IE, NMOFs & & #4 B a] 15 Jy 1 IR 254 £/ 57
7, a0 By B e 25 vk — i B R RS U7 5K, LR
IMFE A o 11— F NMOFs #4 %}, NU-1000, 7] 25 4 fi%
BE, AR E BRI R A E, BAERLILIR b
AR b R 5 5 S AR, 156 W NMOFs 7E it 1 2l
W7 T B AT R A
3.1 ¥EMLFr FELFIGITH, NMOFs fl T 254 i
ARz R 28 2 FEPE RN 2 L RR AL, PR
2R 2k 2, — S SR S H K
2%, v ELAAE NECAR, & S NMOFs; # FH NMOFs fL
SE R 25905 T, NMOFs 3 [ 7] 3k — D 31T 2E W
Z A AN [ B AE . B BT AR ) 1S, Rl i
NMOFs (1) 22 1% F& it s M FL &5 4 TR 7 807 5K, % 25 itk
AT BT . NMOFs H 738 25 7] v IR VF 2 250 1 45 245 )
PR, K 1 22 AN R 8 RN 250 A A 43 AT ) 4%

Y 22 30380 2 PE NMOFs, ] 75 4% R A= 4 34 85 3 8%

Drug ligands

Loaded drugs
Imaging reagents

Targeting/biocompatible
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@) = Chemotherapy

=« Photodynamic therapy (PDT)
= Photothermal therapy (PTT)
= Theranostics
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N, G iR A1 SRR M PR L IR AR A RN T 41 A R
R T H AP R . R & NMOFs Hf it {7
X A G P IR OB T M T2 B T A R .
o, X ZIFS MR B T8 2, 1 ZIF-8 (MAF-4). ZIF-8
A T2 8 2 Fe b R R AS T AN 5- G50 bR 5 g S5 B0 24
W, CA R AR AN B A RS AR o 1, TE MR AL Y
BRI T, 2RISR HCR I 245 1, 38 BB K
HEVR T H (1108l 5 P AUR R ¥ NMOFs & & M R
b5 N T 2R, ke R BOPE JR(N- S T 2 T
Bt %) [poly(N-isopropyl acrylamide), PNIPAM] & i T
UiO-66 1, il il i 5 2 1k, &748 PNIPAM RETEE,
S Ui0-66 H 26 %k 24 W) (1) e o™, i i i 41 4 R
5F, 1 NMOFs H 25 3 1) 245 W B i, 2 8% B I 7
2, 0 B e HVE R 1) JE LR (polypyrrole, PPy) 5
MIL-100(Fe) 1| & W 2 & ¥ KL, fE LA EREST T, H
T PPy I % # RN 5 B3R 30 iR T v, AT MIL-
100(Fe) ¥ 25 P45 2 A F R o8, b Ab, 3 Ay LLdE Ik
B B R AR DA R SR SR SR AR, {24 NMOFs
HEAT 25 PRE TR, ARAE 12 A0 30X 8 g VR R T R /D 18T,
1, R NMOFs F 58 B sl g 5. 245 ) it ik R e B
KA AT 5

32 EENAFEATT PDTRE &8 EE) 1k
FLEAT IR IAIT o« 15 H I BOR H, nhik b &4
N &R iz . (EPDT LR H, nhmkEib & 1E Nk
BRI, AT R A AR S O, FRE R A 2 Y
AN IR AT A2, B A BT R AR AL 5 A E 1 DL
SRR, B FEMBEA . BT IEER
(194 8 BR324k B WV fl VEAR 22, AROK s PR ) 7 %2k
FERF IR o I IR A AN K 75 24k A 4 R L i K 1
TEABL A T2 5 KA B REILER, PR 7 ix i
FEHGRXT G I IR ISR O, (177 AR AR . TEIX A BT,
WK H 257 &, W& BRI R RN . F3#
FLal S B kAT A Y7 NMOFs Bt 4, T sz v H
FIEYIR A PDT. £ NMOFs 4544 o, nhikfir A= i
R B RED G, A= T3 R =
NMOFs (1] 2 L1 5, 38 0 7 35 1k S AL R Y B4 K
ok, RN EIVER o« BRAh, RIRAT A9 R n] B
T NMOFs fLiE N &, #1763 113677 .

33 XIMIETT PTTIEN REMBEHBIT LR S, FH
FEARIL AT A L, T R R 4R I — AT E R .
127 VR IE R 5 3 M UT (T AT A UK e G A S
RE, A PR IR B T s, T R A AR Al Y. H
AT, NMOFs ££ PTT 45k 5 F 80 2> . NMOFs 1] 5 s #4
WA (&g K AB L) i NMOFs & &4, 786 740K
FIBEAT PTT ¥697 M [RI I, 38 AT LLE i NMOFs #, 24 %

Ji 3, L T A BT .
4 MOFs7E4 YIE 20 40ig H 4t 75 T A B2 B

B T FH T A A% B BRAZ A, MOFs 7 AE P FF b
[ HT AL ER (BR 259 AR W 00 7 I RF 5 1R 4E) R0 6 i
OB AT T2 R . MOFs IIFLIE S5 F 2AT 9
TFOmAE A, FCRC AR R 6 8 B 1T 5 e W 2 1l AR
m-m B VS AECA BE S AR AR . TR UG, MOFs X A
I 2595 T 8D o 7 BB RIFIIR 5 5 2568 77 .
WITE MIL &% MOFs #, MIL-100(Cr) FEBLH R4 %
JE WS Bt B8 F3, 3 BRI VE A MALDI-TOF MS 4347 ) 3 i
PERE, B2 51 2 IR o A A 5 0273, MOFs R 4 #4
T A L e oy — o B AR S S T e MR A R —
6 MOFs (41 MIL-53, MIL-100, #1 MIL-101 £5) w] ¥ 4%
& 5 TSkt 3% (gas chromatography, GC) & 40 & k:
PEE, F T B AP0 (RE 2 T P ) [ 5 gireel,
MOFs t m] /F 4y e R M €638 (high performance liquid
chromatography, HPLC) [& & #H. %&T- MOFs [iE] & A 1)
HPLC /572 LA HUAFIVE N, K MOFs JEZHAS
T, kL 5 3 LIRS ff 2 ) B RHCK 22031, 4E > HPLC
TEHH 5 3 SRR SRR e e 58 el 8, TR AR D
5 REES5RE

MOFs 7E A= 4 2= 24 838 1Y B2, 2 AR AR B )
Fe A2tk S . N BA BRI LR E
B 12 fLEs M 28 B DL K AT Th RE A AB 1 4R A5, MOFs
TEBIR WG YT 77 T AR . HRTKZ AR
W C IR AL TERT UG B B, A4 — L2 n) R 75 LA v,

O MOFs K 2EW &1 . 1T MOFs# kL, i6 4
KEERE MBS T, Mas SR TR
Ko Ak b Bl 0 A WA 258 P, nT ik Py M AR )
O T (W B R A% TR 5F), LA RS F AR W M LA
48 81 R, XF AT B ) MOFs #4 4L &5 4, th 3
BT EEE R,

@ MOFs Z5 1 184 52 Pk . MOFs M BHE & 7K 4 &
HAAEARENRR, MIXMAREI R, il FHET
MOFs [ Zh B 34 4% 3 LLAE 7K AR 75 900 v o) 2% B4 2% 5 I
L, 544 P AT fil 2 S P A, 7 O AN 8L 1) e A k%
B2 B . XF T /K A2 52 M MOFs A4 R} il 2%, 7]
i FH S KR S R IR AR DL S I A & Jd B 1 AT
SN o

@ MOFs TES 1451l o S S FEE 3 751 B 1) F
S5 2> 5 MOFs [ S5 K FATE 3 . 7E 4R N UG AN 245
Yiehiknt, TEA P EANYRR T BT HEEAM
A RS AE, AT i AR A B AR SR, SR FH s A
BJ7 i, AT 45 2 LU TV 7 G5 B /N MOFs TR .

@ MOFs £ H5 i . T MOFs 2 1 A it 44 A1
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SR T, R R A E AR E L
HLE, X MOFs ({3 2 1 B A AR W 2, — L2 ik
I AL IR IE FE AR DL AR A AR A L A iy
HIREY), R L R ST RPEA — AL RE S, HREHK
I b 250 MOFs ) AE AR A PE ARG E 1

EE T EMR 5T S B 0RO, T Jlde B T
BB B B IFAZ R S

P28 S A 3 P WA S 2 %

References

[1] Hu M, Huang L. Nanomaterial manipulation of immune micro-
environment in the diseased liver [J]. Adv Funct Mater, 2019,
29:1805760.

[2] XieJ, Gong L, Zhu S, et al. Emerging strategies of nanomaterial-
mediated tumor radiosensitization [J]. Adv Mater, 2019, 31:
1802244.

[31 HuY, LvT, May, et al Nanoscale coordination polymers for
synergistic NO and chemodynamic therapy of liver cancer [J].
Nano Lett, 2019, 19: 2731-2738.

[4] Della Rocca J, Liu D, Lin W. Nanoscale metal-organic frame-
works for biomedical imaging and drug delivery [J]. Acc Chem
Res, 2011, 44: 957-968.

[5] Paul M, Dastidar P. Coordination polymers derived from non-
steroidal anti-inflammatory drugs for cell imaging and drug
delivery [J]. Chemistry, 2016, 22: 988-998.

[6] WangJL, Wang XY, Wang YH, et al. Room-temperature prepara-
tion of coordination polymers for biomedicine [J]. Coordin
Chem Reyv, 2020, 411: 213256.

[71 Kitagawa S, Kitaura R, Noro S. Functional porous coordination
polymers [J]. Angew Chem Int Ed, 2004, 43: 2334-2375.

[8] Fischer RA, Woell C. Functionalized coordination space in
metal-organic frameworks [J]. Angew Chem Int Ed, 2008, 47:
8164-8168.

[9] Furukawa H, Ko N, Go YB, et al. Ultrahigh porosity in metal-
organic frameworks [J]. Science, 2010, 329: 424-428.

[10] Yaghi OM, Li G, Li H. Selective binding and removal of guests
in a microporous metal-organic framework [J]. Nature, 1995,
378: 703-706.

[11] Férey G, Mellot-Draznieks C, Serre C, et al. A chromium tere-
phthalate-based solid with unusually large pore volumes and
surface area [J]. Science, 2005, 309: 2040-2042.

[12] Férey G, Serre C, Mellot-Draznieks C, et al. A hybrid solid with
giant pores prepared by a combination of targeted chemistry,
simulation, and powder diffraction [J]. Angew Chem Int Ed,
2004, 43: 6296-6301.

[13] Cai X, Xie Z, Li D, et al. Nano-sized metal-organic frameworks:
synthesis and applications [J]. Coord Chem Rev, 2020, 417:
213366.

[14] Wang HS. Metal-organic frameworks for biosensing and bioim-
aging applications [J]. Coord Chem Rev, 2017, 349: 139-155.

[15] Liu Y, Xie XY, Cheng C, et al. Strategies to fabricate metal-
organic framework (MOF)-based luminescent sensing platforms
[J]. I Mater Chem C, 2019, 7: 10743-10763.

[16] Park KS, Ni Z, Coté AP, et al. Exceptional chemical and thermal
stability of zeolitic imidazolate frameworks [J]. Proc Natl Acad
Sci U S A, 2006, 103: 10186-10191.

[17] Zhang JP, Zhang YB, Lin JB, et al. Metal azolate frameworks:
from crystal engineering to functional materials [J]. Chem Reyv,
2012, 112: 1001-1033.

[18] Laybourn A, Katrib J, Ferrari-John RS, et al. Metal-organic
frameworks in seconds via selective microwave heating [J]. J
Mater Chem A, 2017, 5: 7333-7338.

[19] Wei JZ, Gong FX, Sun XJ, et al. Rapid and low-cost electro-
chemical synthesis of UiO-66-NH, with enhanced fluorescence
detection performance [J]. Inorg Chem, 2019, 58: 6742-6747.

[20] Razavi SAA, Morsali A. Ultrasonic-assisted linker exchange
(USALE): a novel post-synthesis method for controlling the
functionality, porosity, and morphology of MOFs [J]. Chemistry,
2019, 25: 10876-10885.

[21] Brekalo I, Yuan W, Mottillo C, et al. Manometric real-time
studies of the mechanochemical synthesis of zeolitic imidazolate
frameworks [J]. Chem Sci, 2020, 11: 2141-2147.

[22] Hao YB, Shao ZS, Cheng C, et al. Regulating fluorescent
aptamer-sensing behavior of zeolitic imidazolate framework
(ZIF-8) platform via lanthanide ion doping [J]. ACS Appl Mater
Interfaces, 2019, 11: 31755-31762.

[23] Wang HS, Liu HL, Wang K, et al. Insight into the unique fluores-
cence quenching property of metal-organic frameworks upon
DNA binding [J]. Anal Chem, 2017, 89: 11366-11371.

[24] Wang HS, Li J, Li JY, et al. Lanthanide-based metal-organic
framework nanosheets with unique fluorescence quenching
properties for two-color intracellular adenosine imaging in living
cells [J]. NPG Asia Mater, 2017, 9: e354.

[25] He C, Liu D, Lin W. Nanomedicine applications of hybrid nano-
materials built from metal-ligand coordination bonds: nanoscale
metal-organic frameworks and nanoscale coordination polymers
[J]. Chem Reyv, 2015, 115: 11079-11108.

[26] Lustig WP, Mukherjee S, Rudd ND, et al. Metal-organic frame-
works: functional luminescent and photonic materials for sensing
applications [J]. Chem Soc Rev, 2017, 46: 3242-3285.

[27] Lian X, Fang Y, Joseph E, et al. Enzyme-MOF (metal-organic
framework) composites [J]. Chem Soc Rev, 2017, 46: 3386-
3401.

[28] Kumar P, Kim KH, Deep A. Recent advancements in sensing
techniques based on functional materials for organophosphate
pesticides [J]. Biosens Bioelectron, 2015, 70: 469-481.

[29] Kumar V, Kim KH, Kumar P, et al. Functional hybrid nanostruc-

ture materials: advanced strategies for sensing applications



1518 - Zy%: %4 Acta Pharmaceutica Sinica 2020, 55(7): 1511 -1519

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

toward volatile organic compounds [J]. Coord Chem Rev, 2017,
342: 80-105.

Langdon-Jones EE, Pope SJA. The coordination chemistry of
substituted anthraquinones: developments and applications [J].
Coord Chem Rev, 2014, 269: 32-53.

Yang SP, Chen SR, Liu SW, et al. Platforms formed from a three-
dimensional Cu-based zwitterionic metal-organic framework and
probe ss-DNA: selective fluorescent biosensors for human immu-
nodeficiency virus 1 ds-DNA and sudan virus RNA sequences
[J]. Anal Chem, 2015, 87: 12206-12214.

Zhao HQ, Qiu GH, Liang Z, et al. A zinc(ll)-based two-dimen-
sional MOF for sensitive and selective sensing of HIV-1 ds-DNA
sequences [J]. Anal Chim Acta, 2016, 922: 55-63.

Stavila V, Talin AA, Allendorf MD. MOF-based electronic and
optoelectronic devices [J]. Chem Soc Rev, 2014, 43: 5994-6010.
Osman DI, EI-Sheikh SM, Sheta SM, et al. Nucleic acids biosen-
sors based on metal-organic framework (MOF): paving the way
to clinical laboratory diagnosis [J]. Biosens Bioelectron, 2019,
141: 111451.

Song Y, Xu M, Gong C, et al. Ratiometric electrochemical glucose
biosensor based on GOD/AuNPs/Cu-BTC MOFs/macroporous
carbon integrated electrode [J]. Sens Actuator B Chem, 2018,
257:792-799.

Ling P, Lei J, Zhang L, et al. Porphyrin-encapsulated metal-
organic frameworks as mimetic catalysts for electrochemical
DNA sensing via allosteric switch of hairpin DNA [J]. Anal
Chem, 2015, 87: 3957-3963.

Ling P, Lei J, Ju H. Porphyrinic metal-organic framework as
electrochemical probe for DNA sensing via triple-helix molecular
switch [J]. Biosens Bioelectron, 2015, 71: 373-379.

Zheng H, Yi H, Dai H, et al. Fluoro-coumarin silicon phthalocya-
nine sensitized integrated electrochemiluminescence bioprobe
constructed on TiO, MOFs for the sensing of deoxynivalenol [J].
Sens Actuator B Chem, 2018, 269: 27-35.

Wang Z, Yang J, Li Y, et al. Zr-based MOFs integrated with a
chromophoric ruthenium complex for specific and reversible
Hg?* sensing [J]. Dalton Trans, 2018, 47: 5570-5574.

Yi X, Dong W, Zhang X, et al. MIL-53(Fe) MOF-mediated
catalytic chemiluminescence for sensitive detection of glucose
[J]. Anal Bioanal Chem, 2016, 408: 8805-8812.

Badoei-Dalfard A, Sohrabi N, Karami Z, et al. Fabrication of an
efficient and sensitive colorimetric biosensor based on Uricase/
Th-MOF for uric acid sensing in biological samples [J]. Biosens
Bioelectron, 2019, 141: 111420.

Wang J, Li W, Zheng YQ. Nitro-functionalized metal-organic
frameworks with catalase mimic properties for glutathione detec-
tion [J]. Analyst, 2019, 144: 6041-6047.

Xie D, Ma Y, Gu Y, et al. Bifunctional NH,-MIL-88(Fe) metal-
organic framework nanooctahedra for highly sensitive detection

and efficient removal of arsenate in aqueous media [J]. J Mater

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Chem A, 2017, 5: 23794-23804.

Deng J, Wang K, Wang M, et al. Mitochondria targeted
nanoscale zeolitic imidazole framework-90 for ATP imaging in
live cells [J]. J Am Chem Soc, 2017, 139: 5877-5882.

Wu Y, Han J, Xue P, et al. Nano metal-organic framework
(NMOF) -based strategies for multiplexed microRNA detection
in solution and living cancer cells [J]. Nanoscale, 2015, 7: 1753-
1759.

Sugikawa K, Furukawa Y, Sada K. SERS-active metal-organic
frameworks embedding gold nanorods [J]. Chem Mater, 2011,
23:3132-3134.

Yuan Y, Panwar N, Yap SHK, et al. SERS-based ultrasensitive
sensing platform: an insight into design and practical applica-
tions [J]. Coord Chem Rev, 2017, 337: 1-33.

Sun H, Cong S, Zheng Z, et al. Metal-organic frameworks as
surface enhanced raman scattering substrates with high tailor-
ability [J]. J Am Chem Soc, 2019, 141: 870-878.

Lahr RH, Vikesland PJ. Surface-enhanced raman spectroscopy
(SERS) cellular imaging of intracellulary biosynthesized gold
nanoparticles [J]. ACS Sustain Chem Eng, 2014, 2: 1599-1608.
Liu D, Lu K, Poon C, et al. Metal-organic frameworks as
sensory materials and imaging agents [J]. Inorg Chem, 2014, 53:
1916-1924.

Dekrafft KE, Boyle WS, Burk LM, et al. Zr- and Hf-based
nanoscale metal-organic frameworks as contrast agents for com-
puted tomography [J]. J Mater Chem, 2012, 22: 18139-18144.
Wang YM, Liu W, Yin XB. Self-limiting growth nanoscale coor-
dination polymers for fluorescence and magnetic resonance dual-
modality imaging [J]. Adv Funct Mater, 2016, 26: 8463-8470.
Yang Y, Chao Y, Liu J, et al. Core-shell and co-doped nanoscale
metal-organic particles (NMOPs) obtained via post-synthesis
cation exchange for multimodal imaging and synergistic thermo-
radiotherapy [J]. NPG Asia Mater, 2017, 9: e344.

Wang D, Zhou J, Chen R, et al. Controllable synthesis of dual-
MOFs nanostructures for pH-responsive artemisinin delivery,
magnetic resonance and optical dual-model imaging-guided
chemo/photothermal combinational cancer therapy [J]. Biomate-
rials, 2016, 100: 27-40.

Zhang Y, Liu C, Wang F, et al. Metal-organic-framework-
supported immunostimulatory oligonucleotides for enhanced
immune response and imaging [J]. Chem Commun, 2017, 53:
1840-1843.

Shang W, Zeng C, Du Y, et al. Core-shell gold nanorod@metal-
organic framework nanoprobes for multimodality diagnosis of
glioma [J]. Adv Mater, 2017, 29: 1604381.

Cheheltani R, Ezzibdeh RM, Chhour P, et al. Tunable, biode-
gradable gold nanoparticles as contrast agents for computed
tomography and photoacoustic imaging [J]. Biomaterials, 2016,
102: 87-97.

Ni Y, Kannadorai RK, Peng J, et al. Naphthalene-fused BODIPY



ERAAE B A HUHE LA A M B 24 U T 5 3k e

1519

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

near-infrared dye as a stable contrast agent for in vivo photo-
acoustic imaging [J]. Chem Commun, 2016, 52: 11504-11507.
Cai W, Gao H, Chu C, et al. Engineering phototheranostic
nanoscale metal-organic frameworks for multimodal imaging-
guided cancer therapy [J]. ACS Appl Mater Interfaces, 2017, 9:
2040-2051.

Chen Y, Li P, Modica JA, et al. Acid-resistant mesoporous
metal-organic framework toward oral insulin delivery: protein
encapsulation, protection, and release [J]. J Am Chem Soc, 2018,
140: 5678-5681.

Abénades Lézaro I, Forgan RS. Application of zirconium MOFs
in drug delivery and biomedicine [J]. Coord Chem Rev, 2019,
380: 230-259.

Yang J, Yang YW. Metal-organic frameworks for biomedical
applications [J]. Small, 2020, 16: 1906846.

Wu Q, Niu M, Chen X, et al. Biocompatible and biodegradable
zeolitic imidazolate framework/polydopamine nanocarriers for
dual stimulus triggered tumor thermo-chemotherapy [J]. Bioma-
terials, 2018, 162: 132-143.

Liang Z, Yang Z, Yuan H, et al. A protein@metal-organic frame-
work nanocomposite for pH-triggered anticancer drug delivery
[J]. Dalton Trans, 2018, 47: 10223-10228.

Sun CY, Qin C, Wang XL, et al. Zeolitic imidazolate framework-8
as efficient pH-sensitive drug delivery vehicle [J]. Dalton Trans,
2012, 41: 6906-6909.

He L, Pang K, Liu W, et al. Core-shell noble-metal@zeolitic-
imidazolate-framework nanocarriers with high cancer treatment
efficiency in vitro [J]. J Mater Chem B, 2019, 7: 1050-1055.
Nagata S, Kokado K, Sada K. Metal-organic framework tethering
PNIPAM for ON-OFF controlled release in solution [J]. Chem
Commun, 2015, 51: 8614-8617.

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[78]

[76]

Zhu YD, Chen SP, Zhao H, et al. PPy@MIL-100 nanoparticles
as a pH- and near-IR-irradiation-responsive drug carrier for
simultaneous photothermal therapy and chemotherapy of cancer
cells [J]. ACS Appl Mater Interfaces, 2016, 8: 34209-34217.

Cai W, Wang J, Chu C, et al. Metal organic framework-based
stimuli-responsive systems for drug delivery [J]. Adv Sci, 2019.
DOI: 10.1002/advs.201801526.

Zhao Y, Wang J, Cai X, et al. Metal-organic frameworks with
enhanced photodynamic therapy: synthesis, erythrocyte membrane
camouflage, and aptamer-targeted aggregation [J]. ACS Appl
Mater Interfaces, 2020, 12: 23697-23706.

Liu Y, Bhattarai P, Dai Z, et al. Photothermal therapy and photo-
acoustic imaging via nanotheranostics in fighting cancer [J].
Chem Soc Reyv, 2019, 48: 2053-2108.

Gu ZY, Chen YJ, Jiang JQ, et al. Metal-organic frameworks for
efficient enrichment of peptides with simultaneous exclusion of
proteins from complex biological samples [J]. Chem Commun,
2011, 47: 4787-4789.

Yang SS, Shi MY, Tao ZR, et al. Recent applications of metal-
organic frameworks in matrix-assisted laser desorption/ioniza-
tion mass spectrometry [J]. Anal Bioanal Chem, 2019, 411: 4509-
4522.

Yang CX, Ren HB, Yan XP. Fluorescent metal-organic frame-
work MIL-53(Al) for highly selective and sensitive detection of
Fe®* in aqueous solution [J]. Anal Chem, 2013, 85: 7441-7446.
Gu ZY, Yang CX, Chang N, et al. Metal-organic frameworks for
analytical chemistry: from sample collection to chromatographic
separation [J]. Acc Chem Res, 2012, 45: 734-745.

Kou WT, Yang CX, Yan XP. Post-synthetic modification of
metal-organic frameworks for chiral gas chromatography [J]. J
Mater Chem A, 2018, 6: 17861-17866.



