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Synthesis and application of carbon quantum dots doped with metal or heteroatom

YANG Mingjie' , HUANG Zirui' , ZHAO Hui"' , GAO Zhongzheng ™
(1. School of Chemistry and Bioengineering, Shandong University of Science and Technology, Qingdao 266590, China;
2. Hubei Key Laboratory of Processing and Application of Catalytic Materials, Huanggang Normal University,
Huanggang 435300, China)

Abstract: Carbon quantum dots (CDs) are a new class of small fluorescent carbon nanoparticles with a particle size
of less than 10 nm, which have been widely used in the fields of bioimaging, biosensing and disease detection. CDs
have the characteristics of small particle size, good biocompatibility, excitation wavelength dependent photolumine-
scence (PL), photoelectron transfer, chemical inerts and low toxicity, which are very promising materials for nano-
biotechnology. CDs doped with metal or heteroatom has the advantages of simple preparation, good biocompatibi-
lity and excellent performance, and has great advantages in biochemical, biological and biomedical fields. In this
review, the research progress, synthesis methods and applications of metal or heteroatom doped CDs are summa-
rized, and the current challenges and future prospects of metal or heteroatom doped CDs are discussed.
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Tk, MWFFBERRERY . woK ik A" R A i 2k
Yyl (L. A S F Rk 7 A4 CDs.
TIEOBHFUIN T 7 3 AN TAR], CDs fHAE f A 2 94 K
f A% RN 45 Bl 3% T B RE AT M. CDs A9 il £ — it
WA, PRSI AT R0 & 5, QR
BIL I S EE BRI AT CDs
T, i BCHOK B, CDs | E Ak
SREOE MM, AR SO AT ML R OR R e
MY EAA , 3 L 7 385 38 3 7] v i e AV %) Ay 0
T 45 (GQD) A P, Fim B Al 2 T CDs
RS/ et s d

CDs ) FZHMItE N C. H, O, 4, 78
CDs 1574 & J8 s 24 I 1, 1 Fe | NP A s,
B CDs VERE MY A R 7%, L HE N B
CDs (N-CDs) & 2| T ] iz Wik, 48 ol 24 i+
145 2% 0T DL3E 5 Fa E CDs Wi B FHEA , A S
FBRIE RS AL 4, R E VOB RE R T
R, kR T o P T T LA Ik A
K 1 RE G RS IR HE SR 3 &2 & P, A 2012
EHRIE NS E ALK, BREEZN 4R
B 2% i 4 R R Y B i R T, 38 I R R
A REE Y, ST 2 0 55 R A5 K 0B
TSR G 9P, FEUERENE T &8
BRI Bk A, — B3 (1) T
JBBAMKS; 2) & BITRBANKS; )4
J& AR 4 B L 4B e i B o . AR SCRELL b 3 AN T
) 5 1k RUAE L 9 1 R R AT T 5 5 A .

1 #EFEFENHR
1.1 N#ZBZEHHS

NJE CDs#B &M EE HNTREZ —. NAL
AR AR CDs 1Y & OGPERT, By adts &t +
7R (PLQYs)®, HWHK/NS C I, Ndfh 54
M7, ATRLS CIRFIE AL M ™, 4h, N
AR 1) FL S R R R A7 L BE B SR CDs 14k 2
JWAE . B N RIE A+ 4312 RIRAEY T (B
RBE . B EE) MUNGF T (B HR . & W5
AT LA by il 8tk A5 1 SR A AL 2T

Wang 5™ P & T —F L &R B AN T4
K, ZHAB YK S (N-CNDs), #Eit X%
T3 14 410 TR BE 7 RO ik & SR AL AR AL TS M, PR IR

R4 b 410 ] 20 B AE TG (B 1), N-CNDs (19 i #5 io #2 -
DL e AR, 252 IR, SR KA —
A5 M N-CNDs., 15 5544 0.10 g %5 2 1 F1 100 puL
L Mews e lomL B Ak, JREBIRAWES
AbFE 10 min, SR A IR IR AL B B R R 2 v
JE#E200C Fm#A 10h, HAKRHERRG, K
FRERELLAAETR IR G 1) . #e A #1124 8 000 r/min
20> 10min, 4R J5 755 HT4€ (100~500 Da) H i% Hr
12h, BREBR, EESRHETEI D5
TS, ¥ a4k i N-CNDs 43 878 88 4l 7k b fit
HE— i . N-CNDs 76t F 2 80 H 1 5 79 S 1k
il 50035 P, IXOR A H B ((O3) A R
ELA 55 1 0 e KR B Vipay (1.59 pmol/s) F 4%
I 9 2K G H %X K, (0.421 mmol/L), Mok, 7
i) % F N-CNDs 1% 44 K i 9 Uk W3 w] DLVE S & 44 1Y
YR &, R IR S 1 R S F R .05 0k
SR BOK R . HAEE ML, N-CDs A 1Ht
PR BE 77 T LA R 4 2% E BH M B 2 FC Bk
AL, R ) e R o 2 P 4 0 A R AT 19 41
e B (MICq,) My 375 pg/mL. N-CNDs 81l X} K Ji
T 4 €0 7 25 R A 1) K305 2R 43 30 59.72% Al
37.15%. K1, N-CDs 7E61EFH T X K AT i Al 4
B (2] 28 BR AT Y K0 2253 ) i 3k 97.91% i 80.02% .

‘ vy

Tea‘polyphenols Ethylenediamine

1 ZABZRAIK £ (N-CNDs) 1yl i B I 4n
DA T R T B
Fig.1 Diagram of the preparation process of nitrogen-doped carbon

nanodots (N-CNDs) and its application in bacterial inactivation
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WP ZnNO3-6H,0, #HAEHE, ZJEHEER
BEITE LS., WG 60C FRM S T4,
3387 ZIF-8 B3 K ; (2) G@ZIF-8 -4 i : #+ ZIF-8
MR AR GRAR D, BHIFE.L, ®EE
60°C FEZTH:; (3) CDS@ZIF-8 4 .. G@ZIF-
8 My AR A A prb, Ik #] 2000C, 4EHF 3h,
BB ER)G, 4% T CDs@ZIF-8; (4) CDs@NC
HA R F CDs@ZIF-8 ¥y K5 R 2 & b, M
i mE 900C, iR 3h, BHEER)S, &
F| T CDs@NC, i X Hf 4Ot i 1 g i (XPS) 43

’t::“:::‘ k,, el M
T™MB / @ oxTMB

= o

CDs@NC-3

__________

oxidase from |
porcine kidney

Hral Hl, CDs@NC FJt & H & C. N Al O, Xf
F Zn, SCF AR T ZIE-8 f il & b A7 2 3,
CDs@NC A LUIAR 25 5 b 78 >4 25 3o S04k Wy 16 179 44 oK
fitg, FH b e 5 L0 B A G D-A R . A
BRI J2 , CDs@NC 2 ol 404k Wy g 1% M ] DA ok
A A A B TR Y S SR R R .l S XA
BUHI R 32— A58, M4 A 2 (07) AT e &S
5 i S A0 P i 2 Ak R Y OGBS M 4 (ROS),
e Y D ) 45 SRR, b 6 3 T T R Xy
1018 R SRR R

o 8

0, H,0 DAA --- D-Pro D-Ala

TMB—3, 3/, 5, 5'-tetramethylbenzidine; DAAO—D-amino acid oxidase; DAA—D-amino acid
[l 2 BT T A (CDs@NC) il D-Jif %R (D-Pro) FI D-PV&R (D-Ala) AL~ B>

Fig.2 Schematic mechanism of nitrogen-doped carbon quantum dots (CDs@NC) for detecting D-Proline (D-Pro) and D-Alanine (D-Ala)®"

Liu %5 B 3 33 78 5 A AT ] 1 0] (0 1 00 F T 3%
Jin A4 % B A XUSUKE (DCDA) IR &%, 1l g
FA & A B 22 1) CDs (N-CDs) (14 3). N-CDs £ il
it fE . N-CDs i WO 7 246l £ o 8% 1.0 g # 4
W51 0.75 g DCDA il A BB bR, Z )5 % 4% 5 4t
i IEAE 180°C F ANk 20min, HARXH E =R
&, W AR PSP A 500 mL K Y, 4R S R Ab
P 10min, RJ5, £ 35 pm B RFL U, @ T
L2531 U8 R PR KRR b L, 15 3] N-CDs 4 A
T e 75 Kk 2 N-CDs 3 ik rh ik, SR E %
PR AL PR, K45 N-CDs & AL 5 . N-CDs &
JSCUE PR 0 0 2 9 R0 E AT R A R 1 A2
7, H Ol B A N ORI 4 KR T, T EUR
kB T IR AL 2% B0 ik B 5 i R o i . AR
R 5| A A AR A B AL % 0 ), DCDA 1] 4
A N-CDs i BRA R B 24457 . 5] A Hg™ g, W3
N-CDs 73 B TE 441 nm 4 H B0 B 25 1998 6 1E K
Ik, A N-CDs A 1E kI Hg® 1) = 2 0%
PeOLREr, B 50 nmol/L B K Y BR AR 4 Y
HEPEME

Madrid 25 FI] T 1A R B0 44 3016 20 At 1
Pl R AR KRB 42 FI N B 2411 CDs (4 4), N-CDs
B A AR . i A BRI BE B O AR A R T N-
CDs. R Bl e DA 18 5 I PAT R 1 3% 0 25 i
#EA N ZE . 30 em®/min (175 % AL B (SFg) M

H OH
o @Q{/ Sugar-blowing
H H
H OH
H HO
Glucose 180°C, 20 min
NH -
G
I'W/L\N ~ I
H

Dicyandiamide * Dissolving in water *

S B

Visible light UV light
3 WM B A A T 2 (N-CDs) Bi7R &P
Fig.3 Diagram of nitrogen-doped carbon quantum dots (N-CDs)

formed by blowing sugar®”
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b 4r 4ot , 130 cm®/min A9 Ar 75 8 303 500
B HLATIR AR )2 . i E — A AR EOL R
(1=10.6 um), LA 90°fic & 5 S N ¥ AH B AER o il
B WA RITURL B BB AE B A — & H BE (TREG)
R AR & b . BOGSER BT 6he ¥ & A
W BRI E I ORERE L LR EZRT
TREG (15°C, 15000 r/min, 30min), X & 5K
MG BEAE P 0 R (B N S, F) X A= i 0 B 40 K 4%
T Zm B0, DOl 80RO (PL) FbE
J6 3% 26 CDs 41 %% 3] P25 gk Bk b, FFIH &
(IDSETR R RSP X (A (AN =B S E it B U Rate o
LK A T 2T A1 (NTR) D' 3t 75 300 30036 97 e ot B 41
Jt 96 241 M (U251-MG) 19 248 g 4 A AL i . CDs
HARAMN., k. S5, GBEHR. B
TR R AURGEM A, 2 i A b R
MR 5 BT, WM, $B447E CDs
1) 2% ST AT LAGE a5 1A ERAR B 335 1 A7 A5 A itk — 2
SR G AL PERERY . B, 2 e
CDs AT AL AN AL . Wu %59 il & T Cu-N
44 CDs (Cu, N-CDs), F-AlF5¢ T 18 424 ¥ (1 1 7
R FOGE AL OB i CDs PERE ., Li U004 T
T 2 B HL b 27 i &5 K M CDs 173, il a1
CDs HA5 B B 1 L oa 8Ok 6. wua 58 il &
T R £ 8% 5. (Zn, Cu-CDs) H Y A M1 Hl Zn 1 Cu
BRI FEIER, LAFEIB 441 CDs = AL 3k
) LT 55 B FOL A ki B, Zn/Cu F Bl 3 Cu-
O(N)-Zn-O(N)-Cu Bt & 5k HAR 1T B A o

(1) Laser-assisted (3) Intracellular photocatalysis

O N-CDs synthesis using NIR
(2) N-CDs@P25 hybrid Whiy

P S i P \
R . R
‘..c. °® n.. ——— /4/ Y

o
e, o on 3
@ T XN

NIR—Near-infrared; ROS—Reactive oxygen species; P25—P25 TiO,
€4 N-CDs 8 B GRS 2 B
Fig.4 Synthesis and photocatalysis of N-CDs"*

Alhashimi 2" fifi A= W54 R i i, 38 5 —
T ) B B A A 4B A4 ik s (N-CDs),  J6 H:
B4 A N 8 08 (TFE) b 26 % A (8] 5). N-
CDs i & i . ¥ 1.0mL 4 45 5 10.0 mL #3 46
KR A I 10 min, #R /5 L& T 25.0 mL 2 b

Zh, RIGHIREYHE180C Fhn#kah, BHIE
FIRJE, B TS OH 0.22 pm B8 B G I8 DA BR 2
Kk, #XJE LA 12 000 r/min &0 15min. )5,
DL =B A ML R, R I 300 A6 B iR A 7 i
—Haift, BEAZOmRSN EE5E, HiEN
JIE (1000 MWCO) i — 25 4lifb I+ 76 = iR T i 77 . il
Ik UL B 6T A I R R X i A 1Y N-CDs #4717
FAE . N-CDs R 5 380k ik KA G B 19 & 5,
BN T %K 10%, N-CDs 1 2¢ 6 K 5 W Ui 5
(PUPRER) B I REAR, X2 H TG K] (N-CDs)
P D 55 WG A IR SO TS AR DT R . H i
F IFE W) 1% & & 7€ 2.0 mmol/L £ 200.0 mmol/L
JO N R R AP 2t C &R (R*=0.9960), JfH
FCAR I FR 247 0.6 mmol/L,

] X_

_‘ Tetracycline
H,O0 J -

o
Hydrothermal

[ oicin: S

180C,4 h soe0 .
e o0

N-CDs free 4, 450 nm No PL
QY=10%

Aem—Emission spectrum; QY—Quantum yield; PL—Photoluminescence
Pl 5 Bl A RS S N DU PR ZR A KA R R e )
Fig.5 Carbon point synthesis and quenching effect of

adding tetracycline!*?

Wu D)1, 5- T LS DL-R A E R WA
Ui, N-CBEH-L-2B B i, R — LKA
BHEABN, SHBA41 CDs(N, S-CDs) (K 6).
B NILER CDs ML, SAISI AR Rk
¥ 1 CDs IS5/ RPEErERE , B NEigth &
G ONGOEARC AN JOF S -2 NN .
4% M 430 nm £1#% | 545 nm. N-CDs #1 N, S-
CDs & : ¥ 1mmoll,5- & 328 . 1 mmol X
2 & R M1 1 mmol N-Z, Bk 5 -L-2F bt & R % i 1
10mL £ B oKk o AR5 B IR 5 % WO A AL PR
10min, ffi H 58 2% M, KRG IRG W B 2
25mL [ W B 180°C TN 5h, WA R %
Mo X F N-CDs A B, BT AN SIEZ A,
S A5 N, S-CDs & it B 52 el . Bl
el FLAE R 0.22 wm Y 3R B R 16 A 08 %
JEAifE N, S-CDs, VALBRZem. &5, fiHSF
it 500 Da 135 H7 & FR UGBTI W 24 he HAB R}
F AT AL 2 1 X F A 1060 A 2 i = 1, Al
un, Wang &M DL 1, 1-B6 25 -2, 2'- i (BNDM) Fil
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PR IR M R, 38 3 — B U TR K Gk il 4 T —Fb
4140 %% 6Bk 5 (BNCDs); Dai 25 5t T 43 32 4 43
F-EP I 2 A A R 5 ik 28 (B-CDs@MIPs), 4 {1k
NG, WL & 5k s (R-CDs) fE A N S 7%,
1R B B DT 5 L B A WE L% (TMIX) Vi B2 1) 34
PINIR:CD I &= & o Rl AR e R s o R A
484k ; Zhong %5 " & T & 2196 B I S AE N K
SCERER, HET N UESON (IFE) I A I3 A ok 4T
fit (MITX) $UE 2590, %07 k2 P n H AL
B MITX U2, s AR EPE L . BRI
YHEff B2 = S Ao

N-CDs
” Water detection
= o g pH=6 ~ pH=14
Sohotpmal  wd, prspent. =[]
(it ? )Y n
FEM A e O
e > \1 = ' Solvothermal * \
e N,S-CDs  Pn-Off:On . , ?
wC -
ON S 7+ , S /
L Jo)
QS NO. Fluorescent ink

e [

K6 RiBAkET A (N-CDs) FIEmIEZ40 T 5 (N, S-CDs) 9
A LRI FH 7 2 e 1)
Fig.6 Synthesis and application of nitrogen-doped carbon quantum
dots (N-CDs) and nitrogen-sulfur codoped carbon

quantum dots (N, S-CDs)**!

1.2 PBEHNHS

MET NS, PRAATERWE L, B
A C—P K (0177 nm) B W] & b C—N 8 K
(0.141 nm) F, P JFTF 1B A S G bt B 45 k4 2
KRGS, BB ATET S, N(3.04) B H
Pk C(2.55) K, T P(2.19) By HL fa bk X EE C /),
It C—P R H M S5 C—N SR AR, X &
Wk 3 W15 22k 5 (P-CDs) AT L™= AR 81 22 1 Bk [ o
PR AS ) F 4B 2% 18I B4 3 P 7 5517

BRI G A =0, W] DOk w48 e e b R
16 BT 43 R B A A T D K b B 1k R
KK TG U5 A b AL — 4 B Y50 iy 3K
PR UR IR G I ) 438, 8 Gl 20 T kAT
1o Yt Ak A T 9K 7 i £k ek R v [ e S B T R
B A, MR, TR 5 b B A 2
JRA AL B, BEUR— A SORIERE . BEER . BRI
N MR DL K WA R RS L B YR Y T R
W ZF 28, BT &g Lar, Y.
TR . BRI OK A DL ISR A B8 0 5 22 LI i b

RES8 AT LUAE A B AL o 330 486 il Y5 ARl Y A T 2
TE A 38 1 AHUT 3EAT 5 i Ak 3 DL AR 15 W 45 44 i
WAL

Jiang %5 SR B — 48 K VA LT B RO
M 7 P 1] 2 5 24 Ty B W R 42 2% ik 4 (P-CDs), Jf
W H T = &AW (1] 7). P-CDs 281 H i 7 48
fEBGFETE M, XATREHIN F PR T T HE &
MISE T . A Y&, X4 P-CDs 7TE LML T 7~
A R A A B3R (O7) R L T AP AR,
B KW % 2K 33.3x108 mol/s, 45 F KW, 1E
1W [ {4 LED fR 5§, P-CDs X # 2% [C BH % 1 Fi
22 QB MR R X A A R IR, X8 22 G
PR (0 4 BRI A R AP ML G R . PR
Bz 4t B, 75 pg/mL P-CDs 78 % M 60 min
IF X6 K o A % A K %R 98%, T 50 pug/mL P-
CDs 7 [ 't JE i (] T X6 4 5 €2 48 4 5K 7 10 410 il
IR 100%. B X5 45 8 €8 ) 4 3K R Y B TS
Tang %5 JF & T —Fh 9Kl , & il 2O REGNK
WKL (SINPs) 5 4 %5 15 3R & W IF 11 24 e6 (Ceb),
o — AR T = W R R T 45 & & (ABC) s &K
F 385 18 A AL o TR S P 30 2% B P A 2% G B
PEA P T, 7F 660 nm BRST, 4HK i X 4 8 £
A 7] BR TR R i) 2% 15 PR BT ) 44 RO Bl ) B IR
4351k 98% Fi1 96%.,

0 i
I 2 \ s '%0
Ho ' SOH i f@ e N

> @ -

”"@N“Ilso‘c 12h . e %
P-CDs PORET T

7 BB T 1 (P-CDs) il SR AEHUB 259 ) L s S 1 )
Fig.7 Preparation of phosphorus doped carbon quantum dots (P-CDs)

and its application in antimicrobial drugs"

Kalaiyarasan % ! F| #7168 — 41 (TSC) 1
i 38 o8 7K B A B B 42 24 ik i TS (P-CDs) 119
G 1 (51 8). P-CDs (JF it 72 . Wl I 38 2k ik
[0 5 TSC 43 F By e 8 R LM 25 6, IFAEK
FIAL B ) B Ak it R 2 HTE R B I RE S, AR SE
B AL /95 # A Z 5, B i P-CDs. it Na AN fF 4
F CDs H1 o 22 J 38 5ok 45 i 5 9K AR VR B L RN A
)RR B, R 9T T W45 2% Xl 2% K¢ 1 Al P-CDs JE
AR . AE 310/440 nm B3 K /& BHEK T P-
CDs [ 9t F =3 16.1%, L4, P-CDs [
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Dehydration
-H,0

H,O
H 2

Carbonization

H,0

H,0 H,0

K8 P-CDs & /R BRI

Fig.8 Schematic diagram of P-CDs formation!

2 V2 R R 1 2 30 o 25 Tl ' 1 R I AR AR SR i
. P2 IEE M E A Y (P-CDs-Fe*) L ik,
£ P-CDs " Fe*'Ji, 2GR AERSHER ., HIt,
XAk 24 N T BT — B TR DN Fe® i) B 2
52 L W K o K Fe® i A6 HY BR &7 9.5 nmol/L,
28 M 814 Y5 B M 20 pmol/L % 3.0 pmol/L (R*=0.99).

Momer 45" SR H — AR ¥ K #0k, DLEL
WERABERR A JERL, §il& T RF29°8 3 nm 1 /& Bl
1L 1 P-CDs (I8 9), P-CDs Fy il £t 2. ¥ 3.0g 5L
Wi - AE 15 mL HyPO, Y, SR Ji5 B 1A W FE /K I
Jn# 20~30 min, B F] 20 A M TC 8 AR Ry v
TR0 SR 5 TR AR 5 2B 0 WA 1.0 mol/L 11
NaOH Fi B¢, FF¥5 pH JH Y & 3~4, 5 % Bk B
24h, KAWL 14 000 r/min 5.0 20 min DL % %5
KB . 7K WP B P-CDs H 48 7 32 HURI 46 4k
G — 2 aifh). 2RJ5 & 18 s W DL 28 k&
BT P-CDS, FfiJ5 s HEfEK T, 485146 H 1000
MWCO & i, BT 24 h (5 — 2 4ifk), 537
75 B IR B 0 P-CDs ¥ W o 1 5 1 R 38 R 2 Sl
SHR 110 3 35 B T 4 I B A SE B pH (B, il n, P-
CDs 5 AP*HYBC & W 1Y 5 23 56 8 B3 i i

Quenching

Enhancing

Jem 560 N
OY=12% . 530 nm §

9 P-CDs 548 B F45 & IR 9 KT ISR A K (K R R ™
Fig.9 Schematic diagram of fluorescence emission enhancement and

quenching of P-CDs after binding with metal ions"®?

51]

Jf H 5t & F 7 FAE 490 nm Ab M\ 12% 2 5 3 it
62%. Zn**Fl Cd* & L 23 3 o F A% 2 9Ok . P-
CDs ) 9¢ )6 1] # Fe**. Fe*. Hg*. Cu® fil Sn**%
R PO RKIAN T &8 75 P-
CDs 18l fb 3% B AE A (22 B r B RER]) 1o
G TWEB &M CDs AIRELfk P-CDs ¥ A1 & A= %%
MK . BJEE AR T PO kA, 7]
I FH 2 O 5 B Sfe Ao DN 3 2 8 -, AP A PR Sy
4 pmol/L, Zn* 4 K: IR A 100 pmol/L. X filkr 24
Pyt 300 v B X PR S AT T L IR
H102%.
1.3 B, SBEHHS

TERZ BT, BRAMBRNERIT .
B—, BIEELEAWER DS CHL, Hy¥irs
WAL RL, eSS H AR IRk R - B AL
R 48 2% W T DLk 3E CDs OB, o3 6 2R 1
e, Hik, 5 NMSHEBIERITEANR, BHH
TR Tk, K0l 742 22 3 CDs b 25 5 B )i
F J Bl 2 1 H Aep 43 A B

JLHR SIEHN CDs W BRIt RZ —. TR
S A C o HL AL, DXt R AT A% H 5 i R T
FE R AL 4B, S BERE AE CDs 2 1 34 I o £ B
AT 3 — 25 48 T 15 10 RO

Ozkasapoglu %5 D) & KL A2 (PBA) Fl4+ & ik
Jiie (GLU) 43 53 4F Shy B U5 R B V5L, 38 2o 7K A0 32k il £
T H A O R 4B 2% Bk 99 0K KL (B-CDs)
(51 10), B-CDs iy 5 it it # : F 0.25 g ) PBA Fil
GLU fin A 2| e i 22 v, Jf i A 25.0 mL 1.0 mol/L
1) HySO40 #RJE, Br I 56 B M4, 7E 3
Tt R ) £ 38 BF (190, 230 A1 270°C) Fhm# 2h, %
MEZEEE, H 022 pm JE 4853 JE B-CDs I i .
FH Na,CO, ¥ pH {HI T8 7.0~7.2, K B-CDs I AE
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14 000 r/min {45 HF F B0 30 min,  LATLHE KUK
wJ5, FB A (MWCO 2000) 4 fb i 7 6h, &
2h K — WK B aifb )5 % — 5 PR A7 7E 4°C
T, 53— HB o F A VR AL R R T AT R AE
i FTIR G 3% v 0, 1R 7 5 28 & Bt b i
—NH 4454, B B-NH, #5%E, WF5E T
X} Hi 5 6 72 R B-CDs 45 F R AE B 52 0 . Hivk,
KA T 40 B 85 M DL K A i AE T AN 4 . il 4 MTT
DU PPk A0 M B P o R 422 S ok AR R R R S

@

Boronic acid Glutamine

(b)

caspase-3

lamin B1

cytochrome C

pL activity
L @

i i) caspase 3. Ki67. ¥4 )= & 1 Bl. P16 Fl4f
Jitd (5 R C Y o0 A R PEAG 4 B 5 M . MTT I 22 )
KA VFERRE, R 24h, &g gkt
AT, FE 230°C T & 1Y B-CDs 3 % A 2 A28 %)
WEAH M 3G 5, WA il 2 N PF T2 Colo 320
CD133+#1 CD133-4fl Jitd 15 ‘7 1Y 4 Jig 78 T 1 4 ifg 5
ER5 AWM EA . A, Colo 320 CD133-4
Jiti % B-CDs [ 5% Wi % K . B-CDs 5 i ml 1 55 Jib 988
20 2 g T 240

uv Black light

N\ 77

B-CDs

Immunoreactivity in Colo 320
CD133 + cells

Ki67

P16

Control
immunohistochemistry
staining

E10 (a) M2t 145 (B-CDs) JEALAY/R & ; (b) B-CDs 1EJ11F Colo 320 CD133+41/id)5, caspase-3. Ki67.
lamin B1, P16, cytochrome C {48/ i7"

Fig. 10 (a) Diagram of boron-doped carbon quantum dots (B-CDs) formation; (b) Immune reaction of caspase-3, Ki67,

lamin B1, P16, cytochrome C after B-CDS on Colo 320 CD133+ cells'®*!

Jia 219 DL LR IR (PBA) My J5RE, R —
KA A LT W5 2 5 T 55 (B-CDs) (& 11), B-
CDs B il &3 72 . FF 0.2 g PBA ¥ T 20 mL A4 4 4fi
K, JFEAE 45°C KR RERE . AR A B S B
50mL i 22, fin#AE] 200C, 10h, RIERAD
FE R, WWCONIRE A, BEIAE 70608 T O
15min, b5 A 0.22 um 59 58 79 4 8 i 8 bk 2=
Kk, SR 5 HFLAE R 100 Da (135 A7 45 76 8 4l 7k
ialifk 48 h, BRARRM MR NY . &a, B
A B-CDs Wi W AE 12 T h % 720, I

[ A it A7 R ke (it i — 25 ff FH . Al H B-CDs I &
PS/VB,,, JTE4IHF5C T B-CDs 5 PS/VB,, A4 K

B, Xf B-CDs & 4447 T4k, B-CDs It
FIRSTZ A 3.3 nm, &/ LT R 247/323 nm,
W RN 12%, LW REY, B-CDs & ILAL
1 (PS) R4k 3 B12 (VBy,) Y4196 4R . B-
CDs [ %¢ )¢ (FL) 7E PS 8% VB, 1A 7E F ¢ K, &
B9 J R 2 B RN (IFE), {HASRgHERR: B-CDs(fF
S HEAR) 18] PS/VB (1 S 32 1) 1) 5 't 2 41 g it 5%
#% (FRET), 1% #&EF ] DL i3 76 6 ¥ 4 0 PS, 7E
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400

FL intensity (a.u.)

200 -

280 300 320 340 360 380 400
Wavelength/nm

800 -

600 -

»

400 -

FL intensity (a.u.)

200 -

280 300 320 340 360 380 400
Wavelength/nm

FL—Fluorescence; Cvp,, —The concentration of VB,,; Cps—The concentration of PS

Pl 11 ZRIETIRR A 1 B-CDs JFIE VB, , SULALRER (PS) 7 25 1)

Fig. 11 Phenylboric acid synthesis of B-CDs and determination of VB, , or potassium sorbate (PS) diagram'®

0.20~24 pmol/L ¥ 5 J1 [l ) B e bk iy, &G il B
ﬁ&ummmoﬁ+wm,ﬁ$@ﬁumammmm
F18.0 umol/L,

Othman %5 58 ) 3-8 Wy 56 0 B2 7 b JERE, R
FH— 25 7K #0351 TR Ty BE AL 14 B2 48 4 k44 oK
1 (B, S-CDs) (K] 12), BEHE 3-ME wy S 0 2 1 by ir 3K
&, BT EYS -l 22 5 ks 0B RE
R . B, S-CDs My il & it 72 . ¥ 1.6.0g 3-fi b
HEIEWN IR I i AE 20.0mL £ B Tk, AR5 Tk

()H N()

II—-()II

uu’l
HO
“—Q
HO
(

IIO—II I"

e
()"

Q’ T

180 °C
()II pH=7.5

(," Glucose

’" Il()

o

HO

e

1

30min, A MEREB RN E T, mE
(180+3)C #2k 6 h, RIFAHE=. ¥ &4 B,S-
CDs Y ¥ #& LA 10 000 r/min & 0> 20 min, 4R )5 i@
it 0.22 pm PR UE . TR I W AEE AT A
#E M 24h, K alifb 1Y B, S-CDs fif 7778 4°C T DLt
HE—25 R PR T 0 R R A M A I 3 A
Z MM EAEH, S#4% CDs HWl B fe k)5 -
AT 22 HL A B S R 1) R A W AR IR B A
B, S-CDs e 2R i, 1] DL 45 0 5 H I LA

HO HOH

OH ’ ‘

o

—< —'>—H
Non
K12 WERIHE b A8 (B, S-CDs) 14 i A2 AR S e ool

Fig. 12 Synthesis process and application principle of boron-sulfur codoped carbon quantum dots (B, S-CDs)*®!
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L2 FCAL VR A ) MR 0 e 4 X Ok

2 ERBEMNHRA
2.1 FeiBZHitks

Pan 257 53+ 7 —Fh B 9 A9 55 B B (Chitosan,
CS) 42k 845 24 1% 15, (CS@Fe/CDs) (1K 13), i ik
PR O 250 i 2 1 3o ST 0 Tl A4 AR T 1
SR B I 20 B A 2 6 LA B 5 3R B A B R) B B O
P£. CS@Fe/CDs 1l #5id #: ¥ 0.05gCS. 0.05g
FEER . 0.13 g FeSO,7H,0 F1 100 pL Z — Jiit fin A
F 1% R (v/v) HAc ) 5mL £ 3 Tk,
7 30min J5, MBI N ZEH, 7F180C |
m#veh, ZJE, HRMYARLSHESR, JF
Ll 12 000 r/min .0 10 min, WA 3 WOJF 8 i
0.22 pm JEME DL 2 BR 24 0 . SRS K T AR PR W AE B
Bra& b i 24h, F 6hile— K . B 4l fk iy
CS@Fe/CDs fE R #R H.25 T 188 PR T, JF4E 4C
VKA REEAEAE . — 7T, CS@Fe/CDs B/ 2t
ALY BN, AT LU L Hy0, 2 A Ik H i A

@
A—ﬂ Citric acid
L ——
+ Ethanediamine
Stirring dissolved CS
(b)

Peroxidase mimic activity

HZOZ 6
H,0, ; ~~ cOH

(eOH), MM % V) % 40 il ¥ DNA(eDNA). 55—
Ji T, CS REfE I A #% fa A B F S5 s i 4 i
P25 G, R0 A S ) 38 375 1 - S04 TR AR
WA MIFET

Ma % ¥ JF % T th 448 22 0k 5 (Fe-CDs) 1 4:
J& A Pl 42 (Metal organic framework-808, MOF-
808) ZH B 1Y 44 K S ai (18] 14),  HT T i 45 e e i
DA B xel 4B FOGT B 1) R AR ol T LA S Y
A LB K f BTG 4, 1ERE MOF-808 1 1 32 9 H
TP R X E s . Fe-CDs 1E i AR5 T B LI,
ANAURT DA F Ak % i X il , 6 W1 DA FA%
JEAS A HLBE A< 25 (OPs). il ad & Z IR A BAEH,
4 18T Fe-CDs/MOF-808 Fll Fe-CDs@MOF-808, 7
S F Ik R A F0OXT S0l AT R O R . X
S W AN X B B 4> 1) 3 53 Fe-CDs/MOF-808 Fil Fe-
CDs@MOF-808 1t £k 7K fiff F1 5 A £k B it i2F 47 it
o [, 99K E 6 MR B2 O% 8 i OPs F% i
TR A R R W 0 N S Ak 8 AR R T g R K
Fe-CDs/MOF-808 H 7 # B 1 £ 1 i [, ml G il

Fez+

Ultrasonic 30 min CS@Fe/CDs

*OH
C — @
\l! -

Dead bacteria

\
i*&i

>

S. aureus

P. aeruginosa

Bacteria biofilm

Biofilm imaging

Biofilm disruption

Biofilm elimination

eDNA—Extracellular DNA; hv—Lighting condition

[ 13 FEE b (CS)@Fe/CDs 4K & i : (a) CS@Fe/CDs A1 —R/K LA MUREE ;s (b) CS@Fe/CDs 44K Xt 4Il i (12l EAL B 15 1
IREEE; (c) BT CS@Fe/CDs 14 K BHH B 41 B A P 5 1 7% 2 el )

Fig. 13 Synthesis of chitosan (CS)@Fe/CDs nanozyme: (a) Schematic diagram of one-pot hydrothermal synthesis of CS@Fe/CDs nanozyme;

(b) Schematic diagram of peroxide-like catalytic activity of CS@Fe/CDs nanozyme against bacteria; (c) Schematic diagram of

bacterial biofilm elimination by nanozyme based on CS@Fe/CDs!

57
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OO\)/ESO \:\

Route 1 :"'q‘:
Hydrolysis Route .2
Photocatalysis

%

H
Fe-CDYMOF-808 ugy K™ o FeCDS@MOF-508

a X 5 i.*l y .
| - ] 6 ﬁ?ngsog

[§] 14 Fe-CDs/4: @A HLH4L-808 (MOF-808) (#44% 1) &R x4
WELL % Fe-CDs@MOF-808 (f4k 2) [ A X G iy 7 2 1 o)
Fig. 14 Schematic diagram of Fe-CDs/metal organic framework-808
(MOF-808) (Route 1) degradation and detection of parathion and Fe-
CDs@MOF-808 (Route 2) degradation and detection of parathion!™

Xt % B (0.001~360 pmol/L), £ i BR (LOD) ik =
0.3 umol/L. Fe-CDs@MOF-808 X i i 11t £& 14 715 [l
44 0.01~100 pmol/L, LOD #J°} 3.3 umol/L.

Liu %5 P 5o 8 50 09 — S g vk F & T R

Fe**
-o\’H l 350C ¢
o~ o <«

0. 0 ; i ) $
z Pyrolysis ¢ g
Na* /\/N €S 2 3

’ ® :

G 50 I 5 RN O 1 SR il RE R Y 2R 1B AR
MYN K B (Fe-CDs), T HURIAIT M4 O &L &
(&1 15), Fe-CDs il % : ¥ 2 g £ DU 2 FRERAM
(NaFeEDTA) jif £ & =L 1, 350°C & Lk 5°C/min
I BGE FEA# 2 he RS, A 150 mL 4l
KRR o K B TR A A AL 15 min, 25,
B E (11 000 r/min) 20 min P ER 25 A8 1 19 4% 58
M2 5, TR EBENREAER. L5,
i F 0.22 pm f58 30 #4528 b 2 A 6 TR DA R ik
MR ZJa, KIS B LK &N 2 d DU
MR RBR R SR . Ben, AR R TR IR AT Al
P74 Fe-CDs By A, IFfFs H .o FilZ&, Feld
B2l CDs H A G35 1) i A /L Y il (POD) A1
PE, AT 7= A B R P 4 (ROS) o 4% JE 5 2 [
BRI 22 RPN B . AR SCR B, Fe-CDs il i
TR . AR UE LT A A0 M R A L A A R
R AT, B BENG O EARCR.

H,0,

o

Photo-enhanced
e, catalytic activity

*OH

Photothermal ablation
oxidative damage

Bacterial-killing

Fibroblast
proliferation

115 Fe-CDs HY{5 LA K IET Fe-CDs %45 H £ Y FH s 25 ] )

Fig. 15 Synthesis of Fe-CDs and schematic diagram of application of Fe-CDs to wound healing

Shen 25 5231 — b — {4 £k 4 46 4 o 7 1 '
Y K fiff GOX/MPDA/Fe-CDs (14 16), Hi % %5 b
A 1L (GOX). Fe 874 & (Fe-CDs) MM fLER £
EL i (MPDA) 41, DA R b I6 7 12 2 W bR 9 4
40 PR T B A= P I, 7T A 52 i) 3] BB 19 1 7 4
41, GOX/MPDA/Fe@CDs (1l . # Jc¥% 100.0 uL
1-4, F -(3- P L & 26 3 ) fik B — W i% (EDC)

[59]

(0.1 mol/L) Al 100.0 uL N-¥% 3 T — Ft W f¢ (NHS)
(0.1mol/L) 5§ 02mg/mL GOX7E 37C F 1k %
(180 r/min), PRI 1h, RJ5, FEASYS 2 mg/mL
MPDA/Fe@CDs 7t 37°C i% 2L $% 3l (180 r/min), f#
IR 12h, FF 45 % W 7€ 12 000 r/min, % 0> 3 min,
U0 UE FH PBS 2% i e W UKk, 15 3 B & 1 GOX/
MPDA/Fe@CDs, 43 #{ 7 PBS 2% i i h fit it — 25
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l 12d
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3 i:
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(-~ — x == ==
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MRSA—Methicillin-resistant Staphylococcus Aureus; CDT—Chemodynamic therapy; PTT—Photothermal therapy
16 W% A ILE (GOX)//rfLEEZ Bk (MPDA)/Fe@CDs HT HHRIfLF 3 12 St Higage &

Fig. 16 Glucose oxidase (GOX)/mesoporous polydopamine (MPDA)/Fe@CDs for collaborative chemical kinetics-photothermal fight against infection®”!

i, HARTM 5, GOX/MPDA/Fe-CDs =t Jaj iffs
T BE LA S TR TR B AR W R AE i 21 4 (NIR)
808 nm WO IR T BB, M5 & WM&
1ML % % B 34 3% GOX 7 GOX/MPDA/Fe@CDs % [fii
R AR TR, 52 HL,0, A HURY R R4,
T 3 I 1 3 A Ak B T AR DL TR R R 1 SR /2SO
i1 S5 1 G 10 A fk e OHL 1 77 2

Li 8510 B 1 51 3 s 7 B i) D A7 Ik A R T
PAJE A5 J Bk T 1 (SA Fe-CDs) (41 17), SA Fe-
CDs il % : ¥ 2 gNaFeEDTA ¥y KRB A P A,
SR 5 B FE i AE 300°C , IR B % H 5°Comin™', A
fit 2h, BR)E, HICEN RO E 10mL
0.5 mol/L H,SO, i W ' 31 7E 60°C T it #f 8h LR
2 Fe ki, MK R ZESR G, LieoC T
BEOFUCEE . RIS, W4 HOE 80 mL T K HY i
W, A T BRSO BNER R TR R TR T

230

© Colorimetry

SA Fe-CDs ¢

. SAFe-CDs n Ay ® Fluorescence
High oxidase activity Low oxidase activity
Low fluorescence High fluorescence
©Fe ®#O/N - C Yt TMB¥ oxTMB

oxTMB—TMB oxidation product

€17 T 5T Fe-CDs 44K (SA Fe-CDs) Al BRI S T (Pi) i1
FE -5 U g e
Fig. 17 Colorimetric fluorescence dual-mode sensing diagram for
phosphate ion (Pi) detection based on single-atomic Fe-CDs

61]

nanozyme (SA Fe-CDs)!

$¥ 15min, Ff 2L E 3 (10 000 r/min) 2.0 H K, £F
22 20min., ZJ5, f# A 0.22 pm JE i 8 A DA
FRIE R o H e B UEWAE 60°C TR T 4§45 FI| SA Fe-
CDs ¥ K . PJEF Fe y SA Fe-CDs #2{It T S fL i
FERUIE I, PUBR S I B (Vay=10.4 nmol/s) F15% 3
1 (K,=168 pmol/L) # 1k 3,3',5,5'- It F Jk I % fiig
(TMB) Ak [FEF, o TRt igsoy, Hobsk
JE#E TMB 1 &L = K . R AR B 7 (Pi) i
5 Fe iGiPE ot (9 AH HAE R, AT LA SA Fe-CDs
R ADL S A Tl 1, TR HOBE RO, BT iX
— R, HESL T R RO R BRI MR
PR B 0258 S LR 2 I 7 ol T 6 1) 7 1%
Song % A BT T — A L -5 6 WUE 5
AR, 38 5 Bk 90 K B (SA Fe-N-C 44 K i )
Flflk £ 58 (CDs) 1945 B, T 1R 28 e 32 4
(51 18), SA Fe-N-C 44 K fili B9 & & : ¥ 1.190g
Zn(NO,;),-6H,0 1 141 mg Z. B A i 2k 1% fi# /£ 20 mL
FH it v - 7 A 38 DR & T R AL B 1314 g 2-H

Host-guest define strategy

. Fe(acac),+ ZIF-8

Carbonization

ZIF—Zeolitic imidazolate framework
F€118 SA Fe-N-C 4 ACH) A plis 2 1

Fig. 18 Schematic diagram of the SA Fe-N-C nanozyme synthesis'*”
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FERR M F 15 mL B, BRI B KRR
B H5W ARSI 10min, 1AM, KIRE W
W 3] 50 mL e &2, IR BIREFE H 120°C
Thn#vah, HE.OEBERATIEY, HN, N-
THEE B E R 6, W BEER 2K, HE
BRI EEY, RIGHE80C T T, K Lk
EYTEWTE 950°C 1 b B% 3h, THERH R H
5C/min, 7] 7% 5| SA Fe-N-C 44 K fif , SA Fe-N-C
gy ok W A oot A ) AR (POD AR ) TG 1
(40.22 U/mg), i i ¢ #F JC 2 38 J &5 TMB 5% 1k Ky
HAA Y (oxTMB) 1 78 M fifb 7. WS, HT
oXTMB Fil CDs 22 [i] f#) 4 3§ %% % (IFE), CDs HY75¢ 5
FOF K o TE A WO ] R M e Y 7 A
T2 oxTMB Bk />, Hpf 5 YK E CDs 7%t .
I, 7E 0.5~50.0 mg/L A £R M Fl Py, &A1) G
MR (LOD) 4 0.9840 mg/L F1 0.0838 mg/L.
2.2 Hit&BIB#EMHE

Lu 25O 531 IR H— 25 K 0k A& L 7 —Fh 4
B Lt R T . (Mo-CDs) 40K (51 19). i Tk £
THEEMER, B LB2TAMmNE, Ak
15 TSt S L A AT M, 4 H,0, 1k
J10,. FABERR IR TE (AMP) S5 ALK 2 77 42 1910,
HA RIS, FRME T /RN AMP
1 b L 8% s, L2 Y L 0.0500~100 pg/mL,
Kt B A 12 ng/mL. fEUL3EAE [, @7 T 5% 68
FHLAHZE G 0 H AR AU A2 RO &, B S8
TOKFEH AMP PR S R e W
BT YK B 1Y L (AR, Fan 25104 gt 57 7 —Fh
TR I A B WY L AL REY, WIEA 2T
ALk Tl 3 2 T 3 A M AR L e R
fie 1k 1) FeNiNPs(L-Cys-FeNiNPs); Zhang 45 169 Jt

O‘TMB oxTMB
¢\ S
\ Peroxidase-like
°D°
&2

AMP—Adenosine monophosphate; L/S—Lightness/saturation
€119 Mo-CDs J4KEHE R G = IEl ™

Fig. 19 Schematic diagram of Mo-CDs nanoenzyme sensing platform®!

F Pd@CeO,/N-PC-rGO ) OXD F1 POD I HL il ,
I B T A Ak RN I A Al Tl K SR, it 1 — A
W JE A4S B HORK (GSH) & &K L (7 & 5 Zhu %5
BT AR K R, BT — A TR T AR
SO R AR B L AL RS Liu SR T —
T ) FH 4R 90 Kk T (Cu NPs) 15 g i dErbon . &k
B VA A L = e R AT A Sy %l B PR 1) 2 2 Tl 40
oK T 1R BT W, Cu-g-C3Ns 94 K & & b4 A 18 2y iz
FH T 5 e 192 156 1 28 RS T3 1) AU A (BPA) 1 L {1
Kl s Gao 451 il £ 17— Fh i B i H oA o 4k
Yy i 355 1 19 X4 & Wk 8 (Fe, Cu-CDs) 44 K i, LA
Wikt 7 — R A OK B RO &, T B
AL A AL & LB 9 K A AL 1L 6 Fn G IS 5
[Fi) 30 ROBUASE 285 W 1 R A BR 5% 1 CHSHL

Lu %09 D) 4k 4= 2 B12 (VB,,) MR EERR M HTIA,
WA T — P B 9 44 48 22 ik it 45 (Co-CDs) 44k
fity (1 20), Co-CDs % il % : T 55 0.1g VB, I
1.0 g M1 IR (CA) € R M AE 20 mL @B 4k fr, 48
Jo W S W R B = B I B P, FE 180°C,
300 r/min SN o N BERCIRET, 2218 3% 22
TR 2l 7K A5 R e 3 h, BRIV AT 45 B 4T (5 B I
o WHIG, 7 fIA AR 20 mL AYBLEKF, LA
8 000 r/min [ & B0 10 min, DL 25 B AT U0 e
Yo &5, Ho2um gl aEiE, Wik TRE
13 5] Co-CDs, &3 5] B Z2 fE kK I, (15
Co-CDs % 7R th 2 o A AL Wy B A 76 1% . & T Co-
CDs X H,0, Y = 5% Ml 71 (K,=0.0598 mmol/L), ¥
Co-CDs 5Hi 4t S LML &, WET —FH T4
BRI 1) Ll £ A B o AR LA R A TR
Y B WS, £ 0.500~200 pmol/L 75 [ Py 2 3
RAFM &R, KRRy 0.145 ymol/L, %1%
JERE S BT X NI Y R e 25 ) o S

T
POD-like activity 1 CDT agent
1
Glucose H,0, TMB - 1| ROS ‘
1
\ / \ / 1 = »> * -0;
& 9 3 1 JJ .\
9 1
GO °° 1 0° 4 %
/ \ 1 FEis)
/ X\ /Co-CDs | Co-CDs A ¥
Glqu)nlc 0, H,0, oxTMB 1 < O,
acid 1
1

Colorimetric sensor
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POD—Peroxidase
120 Co-CDs UK it L (20 s AT S BT 0N U I s R el )
Fig. 20 Co-CDs nanase colorimetric determination of glucose and anti-

cancer cells schematic diagram'™!
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Yy v G €678 S €6 0 AL R L Kl Y T 2
2 TV Hu A0 ], 7 At A 245 0 3k 1 4 49 K i 1 T
Mo BB, AT RN TM B R R R N, £k
PEVEIF N 0.2~15 pg/mL, KA H R 0.04 pg/mL
(fE M Lk (S/N)=3). MtAh, @i U i R 5ot
=R S (RGB) M, L3 1 & R T LA B
PG I o X R B A A S B A, Jiao AR
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T R . RO R AR K R R R
W Tk, T 4 A R, MR
H5E BT LA,

700 800

f . 0 L
o oo E}x 28300 600
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Direct and specific nanozyme inhibition
TM—Thiophanate-methyl
21 Cu-CDs Fi5 MG FH A6 T 2 (175 JE 7
Fig.21 Schematic diagram of Cu-CDs specific detection of
thiophanate-methyl™!

Li 27 D) 2B F IR ZILRR 15 (Noradrenaline-
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Ao 43 2 B il B AR SR R T — AR A N
Kl - 42 A0 K R /K 48 24 2 LBk (AuNP/NPC), Ff:
P A S AL s Yu S5 R4 T
S F Y 38 £ 19 % (PDA) 71 48 1 4 3 40 K i
(PDA@AUNPs), Jf H 7T LIfEfL Z Fh Bbl, 0454
HIRE . ORBE . H EE AR

He 55 ™ DL 48 28 — Wy 2 B B it 7 &0 (DA-
CQD@PA) FAR I JF A7 A B Pd L7, il 45 T By
2 B s 7 9 K Wl (SAN) (8] 23), KRG, i 5T SAN
AL B ARG O, 4 T DA-CQD@Pd SAN
N REAA 7] CpGODN 21 ik 1) A= 1 R B S K B o
SAN 3 i ok S AL WY BEAE TG 1, P AE ROS Jf i
i AR IR YT 28 HE MR A . 2K R R 1 SR
BE i CpGODN, X FR il T 4= B Z& 88 1 AR, BRI
T CpGODN #; iy 5%, Jf {4 CpGODN i T

(a) (©)
l! e EDA O O HAuCl, Noiepinephrine (NA)  Octamine (OA)
bety, ~ CA ®) 90T ) O W i1‘.‘
NA NA-CDs NA-CDs/AuNPs Sy oy
i i
H
b G + v
L ) - "OQ‘ NA-CDY/AuNPs  OA-CDs/AuNPs
s a P o L L, . P
3 e 99 & Colorimelric N 'a o' .- 0. ¢
e 55 detection L MeHg" - - 3 Hg-CH;—»~
- M &
2 TMB S oxTMB @
DA-CDsAuNPs  AD-CDs/AuNPs
ol POD-like activity
. MeHg" % ., ,‘
............... B
NA-CDs/AuNPs Au@HgNPs & -
Q . . .(. Dopamine (DA) Adrenaline (AD)

EDA—Ethyl-enediamine; CA—Citric acid
22 (a) ZH'E FIRFEILR A (NA-CDs)/AuNPs (4 BUREE]; (b) il
S Au@HgNPs KA 411 POD 15Xt MeHg #HTHLEMIAE; () NA-
CDs/AuNPs Xt MeHg' 45 4: S HAL 4™
Fig. 22 (a) Schematic synthesis of noradrenaline-based carbon dots (NA-
CDs)/AuNPs; (b) Colorimetric determination of MeHg" by increasing
POD activity of Au@HgNPs amalgam; (c) Selectivity of NA-CDs/AuNPs to

MeHg" and its mechanism!™
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PEGDA—Poly(ethylene glycol) diacrylate; APS—Ammonium
persulfate; SAN—Single atom nanozyme; NK—Natural killer;
pDC—Plasmacytoid den-dritic cells; cDC—Clas-sical dendritic cells;
M1—Classical activated macrophages; M2—Alternatively activated
macrophages; Anti-PD-L1—Anti programmed cell death ligand 1;
MHC—DMajor histocompatibility complex; PD-L1—Programmed cell
death ligand 1; TCR—T-cell receptor; PD1—Programmed death-1

¥l 23 DA-CQD@Pd@CpGODN /K EEFE AT 114 S5 &N TG g R b A
TR IR AL G TR 77 78 P )
Fig. 23 DA-CQD@Pd@CpGODN schematic illustration of hydrogel-

mediated catalytic immunotherapy of primary treated tumor and distant

untreated tumor'™
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TN R B AN K B (B 24), HolE A Ak W Bk
(SOD) Flid AL S (CAT) 15143 %19 12 605 U/mg
F13172U/mg, it J5 A7 fb 2% 53 i Pt , K Pt NPs
ULFLTE CDs % i, % %] Pt-CDs, CDs #ifll SOD,
Pt NPs B il CAT, J¥ B2 Bk 41 A Ak 99 K B 1R & o
HASEEAE, Pt-CDs AT DL Mk B3k A
e, CDs By IEMFEEIL T L5 PeNPs 45 6, 2k
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SERHEALPERE . AN, Pt-CDs A L)k AT 40 i 3F
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a
(@) .

C ot T\ sOD-like
CNDs  NaBH, 1 :
e Ho- H.0,
B CAT-like

H,0 H,0

ROS scavenging

Anti-inflamation &

SOD—Superoxide dismutase; CAT—Catalase; TNF-o—Tumor necrosis
factor-a; IL-6—Interleukin-6; IL-12—Interleukin 12;
IL-1p—Interleukin 1p

Bl 24 (a) P-CDs i R; (b) Pt-CDs 1ETHERAME M ROS itz ™
Fig.24 (a) Synthesis of Pt-CDs; (b) Pt-CDs in the elimination of

intracellular ROS™
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AFE . SLH 2RI, N-CDs/UiO-66 1] L) Bk
PAE A H3E («OH. <O, Ml ABTS™), F LA
b 67 Ak il A 6 M R BT S fk B . Ah, N-
CDs/Ui0-66 7& I8 5 T~ 1l LA A 207~ 4= ROS («OH .
O, FI'0,), I EIF T A AL Bl A 1 M T4 LAk
e 11, X W] N-CDs/Ui0-66 F 4T AL FE E AL 1%
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Fig. 25 Schematic diagram of preparation process of NCDs/UiO-66 nanocomposites'®"

PE AT DL 6 B R AL Y . K N-CDs/UiO-66
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K il HL A7 A % BE 4L B8 (GOD) Al it 4 Ak ¥ i
(POD) i ¥, Al HF ZF A= W 43 F 1 bb £ 0 2
(¥ 26)., A< B 5% F FH A7 # L 25 22 Co-MOF 1| 3R
P I MK 2R 2 (PAN) i, SR 538 o #uig i F2
B a-Co@NCNF 44 K fifg . P A FH J A0 ¥ i 25 24 5
W&, K a-Co ZHKIBURL R ] 75 1% 22 2 FL Y NCNF Hr,
PR il 3 AR 4 I By 1k B sk i v iy SR A R ALK
F U 7™ AR R R A R R B e TR s . —

- GOD-like

2-MIM—2-Methylimidazole; PAN—Polyacrylonitrile nanofiber;
GSH—Glutathione

126 (a) a-Co/ BIB IRk KL HE4 KN (0-Co@NCNF) 1964 BN &
5 (b) ZFP AT 1 H e =
Fig.26 (a) Schematic diagram of synthesis of a-Co@nitrogen-doped
carbon nanofiber (a-Co@NCNF) nanase; (b) Colorimetric detection of

multiple biomolecules'®?

ZA) I IE , 0-Co@NCNF 44 K il 114 25 il 0 1k
it F Co@CoO@NCNF 1 KK B, Mo, AT
It F a-Co@NCNF 44 K [iff 1 tb €6 A= ¥y 1% I H T+
W 25 O . HLO, ML B H K (GSH),  AH R i
28 1 95 B2 0.1~50 F1 50~900 pmol/L LA & 5~55 F
0.1~20 pmol/L, AH K Y A% & I {5 0.03. 1.66 il
0.03 pmol/L,

Lyu % B 5L F A 8 4% ik & F 25 (N-CDs)
A o AL W Bl T RE R 90 K BT (Fe
nanozymes, Fe NZs) (%] 27), #3717 —FF 56 ¢ Al
Lt BB AL - &, I8 IR T4 o5 2

«d

[’ aglu g ABTS I3t FeNZj

@ Inhibitors ¥€ oxABTS o NCDs

AA—Ascorbic acid; AAG—2-0-a-D-glucopyranosyl-L-ascorbic acid;
ABTS—2,2'-azino-bis(3-ethyl-benzothiazoline-6-sulfonate);
0xABTS—ABTS oxidation product; NCDs—Nitrogen-doped

carbon quantum dots

127 2T BA S A RS MR RETERRIN AR T~ (Fe NZs) K G
) cr-glu 5 1 K HCAT 55l e g

Fig. 27 Schematic diagram of e-glu activity and its inhibitors based on

Fe nanozymes (Fe NZs) nanoenzyme!®!
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OD—Oxidase; HQ—Hydroquinone; MDESs—Metallic deep eutectic solvents
P28 T Cu il ClH4B%11Y CDs (Cu, C1-CDs) (Y SRR VL) 4341 T 3 7m 2 e

Fig.28 Schematic diagram of the analysis platform for the simulated activity of double enzymes based on Cu and Cl co-doped CDs (Cu, Cl-CDs)!**
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EDTA—Ethylene diamine tetraacetic acid; OPD—O-phenylenediamine
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Fig.29 Schematic synthesis of Co, N-CDs"™
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Fig.30 Synthesis of Fe/N-CDs nanase, mechanism and application of antibiofilm!"
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