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Abstract: Red/near-infrared emitting carbon dots( marked as R/NIR-CDs) have the advantages of
good biocompatibility and high spatial resolution, which had attracted the attention of researchers.
However, the currently reported red carbon dots often have the defects of low fluorescence quantum
efficiency , wide full width at half-maximum and excitation wavelength dependence, which limit their
application in the biomedical field. Therefore, it is of great significance to synthesize carbon dots
with high photoluminescence quantum yield ( PLQY ), narrow half-width and excitation-independent
red/near-infrared emission. This article first describes several representative typical precursors and
their synthesized carbon dots in recent years, and then summarizes several efficient regulation meth-
ods for the optical properties of CDs such as size effect, heteroatom doping, surface state, etc, and
briefly introduces the application of red/near infrared emitting carbon dots in bioimaging, disease
treatment and white light emitting diodes. Finally, the problems and challenges faced in the lumi-
nescence mechanism and the preparation method of red/near-infrared emitting carbon dots are pros-

pected.
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22 V) B G, AT AT A Rl A - B
MR (CMET) B &4, 3 ol 1% BE & A Al A9 ik
MLTE 620 nm A RSR LA ST, kel W, &R
BT 4t A BT LUA Y 1 B 4 HE AR A
A DAL AT R b AR i B A Y 9 e P B
S Bl AR o R R B I B v B 200 X,
3.3 REXEM

R Z W 58 #h 3 ik S R A & 1 E BE
W, 3 26 F RE X T PL VEJR A %5 Z 1
Wi, A 5 N R Bk o5 B PLH L 7 T Bk AN R
T, MR IEHLER bR UL, AN [ Y 35 S R E A
[ RELR X T30 114 2 W BRAE 19 AT g M A1 A

[ i PL P ot B Ot il T B0 5 2 48 A e A
F AR S PL & S = KK X E
T,

2015 4F, Xiong U 8 41 % #% JR R X K — i
IKRGE S 5 gt wE AR E WAk ), 3K
5 8 i AN [m] % Ot A S 0 i s, B ATT Y e ST e DA
440 ~625 nm, JLF-7 35 3 0] DO X, i ek
SUATORAR ) A O R KN A R E
JEOCPERTA K 22 b5 . VR A8 1 2 Fh RAET-BL
I3 BT I BE Rk 25 S K AN [R) Y R SR T A X 2R Ak
MARIMAREARR (£ 1), H/EZINL,
o5 Tl a2 TR A A A R A (e AR UL R R
LU A B2 ) i B2 i 0 /N | B e R S Y LR
F1 34 AR CDs HRA Cls KL #HIT XPS HiFSH

#r
Tab. 1  XPS data analysis of Cls spectra of four typical

CDs samples'’

C=C/ C—N/

Sample C=0 COOH
c—C C—o0

A 76.19% 17.52% 3.21% 3.08%

B 73.76% 19.12% 2.88% 4.24%

C 70.11% 21.07% 2.45% 6.37%

D 67.05% 21.75% 2.90% 9.30%

T AR X 2 T A I B TR Y
Nguyen LA 1,2,4 5K YRR M 2,7-— 2 L 25 ¥
A CDs il T 5 Xiong [ Y A S A
JE TR 43 88t AN TR) A P ik i, S B B e B, 3%
T A5 A AR R B 4 K B o b EL AT G2 T M A
Fa7E 2 X FE I il B B 22 00 25 14 hn B A B /N BB
Bt f S8 o 1 ABE %) DTG 7 AR L0 R G T R
BB A B TR A e FE A R B R AL
BB B0 5 kS K AR I E A G

2020 4, Kundelev X fif 55 A9 A& OGHL B AT T
ST BT ) (AL B 25 A B A R T 1 2 3R 55
& (PAHSs) 43 F bR 0 35 P 5 i A5 O 24 1 i, 3
LB Z R IR A 3 o B R A (I 2R T 43 S 2
JEAHEAE R Ak AR 2 A Rk DL S
2.3 3 4 DRSS A LM A A Rk, M A
F BRL R B AN B v 0 AR B i o5 1 & G i A
Yo BT RS AR [ o % G R S . X — R
FAEREXH B AR R LA 25 HEAEH
R AT H A B Bl A S R AR AT RO BRI A
B AR R 3 1 2 TS PR AR e R AR 1 X
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o ARLFBEN RIS/ LI R G S AR K
1% BRIEIT MHIVE WLEDs J5 If A Fc itk e
4.1 E¥RE

H HiAE ) UG 0 2 0 A DL R R G e 7
RS PIRORVR LG T B 0 T AR ) RS
A OB FLOE S o R P R R A 1) A ) A
VR R AT T HAE A W A% 5 T T )

2019 4F , Hua DI 2K e AR B T (NPP* )
JERH 4 T B e QY 9 Ni-pPCDs, 42 )&
B PAE A B R PR B TR R R, 1%
e s WA AR 10 K S (Z97E 605 nm) M
ORI RO A% W2 ) % . Ni-pPCDs (5 pg/
mL) &b BR G 40 il 30 min, A5 15 %] T 552 nm 3%
& 660 nm P & 1Y e 8 52 Wk ST 40 FE 2O HL B
(STED) B &, 4 M Fe A% A~ ik oKk i 3 R fE
STED FHZANIE 7 PR . X J2& 1 R 3 18 /Y 7 e Uk
5 00 R 38 3 2T 68, kG CDs S8 30 A% A 1Y 8 43 R
AR, R T CDs 7845 0 A 90 00 A5 AN A2 4~ 40 G A
X7 R E RN T,

(h)

5 min \8 8 min

12 min (i)

&7 (a)STED E1{%; (b)Ni pPCDs 4t
o B 3 IR AR AR
Fig.7 (a)STED image. (b)Confocal image of a represent-

ative A549 cell stained by Ni—pPCDs[SSJ.

2020 4F, Sun i N-ZEK-AB2K e i Th il & 1
LA R AR AR 28 B0 5 R S Tz 4T € X Y
B R CCK-8 BETTH T K KLk 5 Y 41
fasEr:, g5 R0 B 7E 80 weg/mL AU E T, 41
WA SRAAE 95% LA b, VEF B — D0 TR 5L
T S 7E HeLa 4HAR 938 B0, & B 40 s 50T LAWER
SN0 AE A B S 2, Bk S S s B T AR
YIS ER . P B SR WE B ( DT ) R 35 48 L, 552 sf
W TG A0 M AR PR AR L, LR FE-CDs Y Hela
20 A A X B [ A DA JE B s Y 65, HeLa 4 S
mmol/L DTT W& NLHH . 55X AL ,igﬁéﬂ
B e 't B A b oA I 2 6 BRZEL 1Y 60% (1K1 8) , 4t fifL
£ DTT BT B BRIEAS I AME R FE i egs R n]
DAVA PR T 0 0 A AR 1 A el A, 8 SR 6 I i e o5 T
JFH T 52 B 0 5 Pl A AR 1 ) A2 £

@R A549

2 min

6 8 10 12

t /min

0 2 4

Fluorescence intensity /a. u.
=N
S

B8 (a)~(h)AFBN 40 wg - mL ™' ZE%E CDs 43 HeLa 401 HY CLMS E{£ (0 ~ 12 min) ; (i) HeLa 41 g 55 % 3£ CDs

WEH 0 ~12 min(A, =530 nm, A,

sponding fluorescence intensities of HeLa cells incubated with phenyl-CDs for 0 — 12 min(A_ =530 nm, A,

nm ) ( statistical quantity of cells; 10). Scale bar: 25 ;Lm[

=550 ~ 650 nm) Xf B A R (ST ML 1 10) 5
Fig.8 (a) — (h)CLMS images of HelLa cells treated with 40 pg - mL~

225 0T
" phenyl-CDs at different time(0 =12 min). (i) Corre-
=550 - 650

567
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[ 4% | Jiang W Fy A5 R PR 25 76 9801k 4 il BV H
T ARG A3 UV-Vis-NIR 4 78 B Wi )57 750 9 A4
%% CDs(N-CDs-F) , H 2%+ W i TE K T 1%
GAHHALEY" . LA, N-CDs-F £ & P41 ¥ %
B B S A VR LT 8 AT LLAN I, A A )
FUIE & 1 9 1mg/mL B9 N-CDs-F Fl K #8 4% CDs
(MPBERIRER ), SARBRI CDs 1L (K
9(a)), 4T N-CDs-F #9/N BRE #7E 510 nm i
KRR R E 898 U N-CDs-F AJ LA
AR AN B BR AL (B 9(b) ), T N-
CDs-F 13 £1 41 W e/ 2 55 e M R A I 1 4k A1 4
JLH5 P AR 5 3 0 R AT 21 A1 3O E— A i g
AN AH 25 1 R0 A= ) 43 A1 AR K U W 43 ) T B
N-CDs-F FIAR4B 2 CDs 19/ BBt 735 nm #0O6H]
W TES N-CDs-F 19/ BUE i 7 H s ZU A 21 6
YK 9(d)), S T AREB I CDs 1Y/ B
WA B RAEM5OCES (K 9(e)), KWtk XLk
5K W N-CDs-F B Kk A 215 iE R F1, ]
PLAE by — i A7 R 00 3 41 A B e A TR N
B

9 CDs(a) fl N-CDs-F(b) (A, =510 nm, A, =630
nm) KT A AR BE B RR BRI B0 RIS BT T AT
CDs(c) fl N-CDs-F (d) (A, =735 nm, A, =785
nm) BB B NI £0 40 B2 OE AR, (0 2 R P
T,

Fig.9 CDs(a) and N-CDs-F(b) (A, =510 nm, A, =630
nm) in vivo fluorescence images of nude mice treated
by subcutaneous injection. NIR fluorescence images
of nude mice injected subcutaneously with CDs (c¢)
and N-CDs-F(d) (A, =735 nm, A_, =785 nm).

The color bars indicate the fluorescence intensity['m.

4.2 HERET
21 Rk A5 A ST 5 o DR HE S R B A 6 Y

A FEME L5 0 AR YA 25 RO 2% FeE M T
BTN Ry 2 — OB 24 10 FH T e 1 A ) B 2 N 1 4
KA AR, AR X TG e SR TR VR Y T T
HIBE 52 2 AR g5 Y

2020 4F,Geng L) 1,3 ,6-=f43EEE (TNP) X —
ThRE 19K A4 ) 75 T #E NIR- ]1 7Ot A e 3 R
AR B % A5 (NIR- 10 -CDs) ) 3% o 72 Wi 9 A o
S T ASEN SR ENmS, iR R
ZEW . (1)7E 808 nm 1 1 064 nm &b AW 547
N &&= REL, (2) 6 o B A 3B A & i1
PINTRTE S N S e v A W S (o i ]
% NIR- 11 -CDs Y — P gl 45 09 06 A B L T, e
Hrp aﬁzéﬁﬁﬁ%%&c%ﬂ;‘ﬁ%%?ﬁwﬂI?L,\
B N DL VE MR F o, fE NIR-TT %
(1064 nm) ¥ £ 41 /\,fﬁﬁ@-ﬂcf%c—"ﬁ%(Photo-
thermal-chemo combination therapy, PCT) PR 7 & o
— B PEAS AT AL 3E 10 mm X FL 5 20 21 g A
PG RS 5, ¥ &4 NIR-11-CDs 1925 %) 1% Wi 5
JokEE S 3 4T far 9 /N BUAR Y, SR 5 47 1 064 nm
WOCHRST, 2 PCTIRYT G, I 58 kR, B2 &
(F110) . BeAh IRIT I /NI A B R R UESE
TSR RN AT 200 25 R KB 5T NIR-11-CDs

Control 18d

kiLik

NIR- [ -CD/ICG/TSL(808 nm, 0.3 W * cm™

BEAkk

NIR- I -CD/ICG/TSL(1 064 nm, 0.8 W * cm~?)

KRAEA

NIR- [ -CD/ICG/DOX/TSI(1 064 nm, 0.6 W - cm2)

10 RFERETFIGE 18 d 4T1 /s B AC 2 0 18 | o
980 T2 050 P i

Fig. 10  Representative pictures of 4T1 tumor mice 18 d after

different treatments. The tumor is marked with a red

circle'*”!
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1) PCT 7E NIR- Il % 2 A 8 i ot 5% 4 3% 52
JI ST AR ) A 33 BE 0, X BB AR 5 P R 3 T A
MR 2 L ZURTT AR .

B T AT DL 3O 75 0 O IS b R E AT O
WAL ZEIBTT AN AT R I & B LT 6K A RT DL [
PR 2 B T LR BE T AR . Chung I 9%
T L A N 3 2 B I e 5 A TR R
7O (A A B R 3R S DNA A B iR A
SEPEAT A A R & AR 4R M I A Th ek
kA (Apta@ CDs) , B-TEMFHHE M (ABR) KR LE
0 0% 240 P A1 AR B JR T R (AD) i Ay 3 22
FRAE, T AR IKREW & INE AD BE MM
s A8 FAHI B i, VE & A B2 B8 005 o8 e o 00 1) 410 o1
AB H YLLK BIXT AD WYY, I TAEMR T
Apta@ CDs Fll AR 9 Fh i 41 20 2 ] 1) 45 5 #0 AR
o BYIH 1 5EH Apta@ CDs 3 0, 9K J5 I i 5%
R S(ThS, &My AR AR ) Ry, WK 11,
iU F (75 6 B 4% 7, ThS FHEPE Y AR R &EY)
5 Apta@ CDs ﬁﬁ%ﬁ’]’rﬁlﬂ?ﬁﬁﬁ,%ﬁﬁ Apta @
CDs 5 g A 5xFAD /NN i) AR RAEW A+

Apta@CDs stainec

B 11 R Py a7 8 17 1 S Apta@ CDs (3 plL,0. 8 mg -
mL ") 1 JH G, 5xFAD /N BRI U - 139 7 491 44 22
JER . F ThS XA 8Lk 1T AR e fa ., & I A
53K 7% ThS BHME AR By AP #l Apta@ CDs 4L
SEADT LB R 0.5 mm,, 4 500 400 0 A v
# 1) GFP 1 RFP &85 %) ThS #1 Apta@ CDs 317
AR

Fig. 11 Exemplary fluorescence images of 5xFAD mouse co-

ronal brain slices after 1 week of stereotactic injec-

tion of Apta@ CDs(3 wL, 0.8 mg - mL™") in vivo.

The brain tissue was stained with ThS for AB. The

bottom of the merged image shows the co-localization

of ThS-positive AR species and Apta@ CDs, scale
bar: 0.5 mm. The GFP and RFP filters equipped in
the stereo microscope were used to image ThS and

Apta@ CDs respectively ™’ .

SHESS AL SR I ST AR % e A5 3E 2O ik e 41 o)
AB RET B, I TH Apta@ CDs i A KOG
AL FIHE X, 0.3 mm JE 15 W] H R #) 8 B
TP R RE SUGE (PDMS ) R 4 TN BRUER 4 A T
B /AN EEAT —AiE, s ki
Apta@ CD T3 A1 B 5 ¥ 58 B B B Ik LED R 4
X ThS BHM: AR A, WG/ Hr Won , HH Apta
@ CDs {6 ALE AT AR BE B 58 4 1% B i A i
T2y 40% 10 7E TG B A& 4 T ST Apta@
CDs AYXTREZH | AR B B 2R 4R 1) 5 i A v AR S ik 20>
10% , SEERZ5 R 3RWIObfih % AB LM Apta@ CDs
YA W EIRITEE J1, AT LAAE iy — B A 800 4 ok 25
NI A P S VE R AR B LR AE IR TR B, Xl
FE W B S5 AR B IR YT AR 5 LR A N RV
4.3 #l{E WLEDs

M 0 % 0 — 4 ( White light-emitting diodes,
WLED) i1 T 5 &G RCR | 58 BE AT RE AL AL, 2
— M BT & R TS B AORTR . 24 AT
WLED 2 JH# LA RE, B AKX 47 76 J5ORH A% B 5t
FlE REFE AR B AT, o & 2 Tk S A9 WLEDs i T
FLAE 21 (0 DX IR 2 S 5 32 ok 55 T 248 308 Off 390, (H
AT W AF A 55 3 A6 I RO 21 0% K S ik s i AR
TR B B T, T AR T 2 5 R Y
JRLONO ATl IX SRR A B4 SRR G T AR
T HAE G T 2R i R R R

2019 4, Yuan F) FH 8] 28 Z 5 o J5RE & B H
afi 21 {8 78 4 v & 97 — /¥ CQDs ( PR-NBE-T-
CQDs) ™' i i B W A & B O8Ok Ok
WETE 610 nm, & F 77 %K 72% , ¢ 5Ly 33
nm) . 3 G5 RDG 2R RAE LR A Y #R
FEW R 2K 5 R = R ], B B
I o S A SIS | 705 A N . Nl < £
CQDs 4k S A 2T 8 A 5, B 12 (a) Bon T =
445y ) WLED 75 & 8, iX A i PR-NBE-T-CQD
W AN 2 FI PG-NBE-T-CQD 5 N 2 45 & 16
0 LED Jt5 7 TR ) 4 A4 el 8 Wl &40 fie /b, 55
WA, b T VG HR X 6 A R X R £
PEBE T RHTIEK M 450 nm B #E G LED 5 H . X
FATHE 20 mA WHLE T R BB A, §l&
A WLEDs B HL 2t & )66 1 ( Electroluminescence
EL) B3 2 i 3 A & 5 Ik Br 4l n, W {43 B 7€ 450,
522,615 nm, % FWHM 4354 18,32,33 nm, 535l
Xt R WG LED 3t A PG-Hl PR-NBE-T-CQDs 78 X
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RSB 12(b)) o AL B854 FE 20 mA HL
WIS T RCHRH 86.5 Im - W', A bRfl Hy
(0.35,0.33), A FEH(CRI) K 56.9, WLEDs

(a)

Blue LED /

A9 {0, 388 5 38 1109% NTSC Rifie , B 2= 1] LIS v
EEMESAT B FAMETEREAE TS
WLEDs A1 3 .

®) 1o

0.8

o
)
1

Intensity/a. u.

N
S
1

e
o
1

04
400 500 600 700 800

A/nm

B 12 (a) WLED % 4% J5U R i e 7% 2 181 fl WLED %T7E 20 mA FiE1F00 8 A (b) AL LED B EL Jtig ™,

Fig. 12
(b) EL spectrum of white LED"*.

2020 4F, Li LARROR Z i Fil = 5 79 3% 2 B 1t oA
3R A SRe U R0 B E G Bk BE g A = A R
CDs') 3 =Pl s 0 45 58 19 14 5E (109 ~ 120
nm) LR B BT R (e 64% ) o &S
I RAELI X =Fh CDs B = K45 sp® I5E
BR/NHABAN S EAEEDN LR, ik
T4 IR 38 R DA B B R T B R e A e o5 R
LIRS . B TI% R G0 Bk s B A SR 3 A0 (R
R PR3 =t Bk S R A B R SE A R B, TR R
=4 CDs J3 BUTE PVA &35 W1 R G W Bk b il 45
TEL/%/ ¥ = (5 CDs W R = 0 fi sl WA 5
UV-LED ;th F AHZ5 5 618 T CRI ik 93.1 ~96.5

X

B 13 T = @B WLED CIE B A bRt
Fig. 13 CIE color coordinates of WLEDs based on tricolor

CDs'®!

(a) Configuration diagram of the prototype of the WLED device and the photo of the WLED lamp running at 20 mA.

A WLED, 1% WLED fJAH 515 ( Correlated color
temperature , CCT) ] A¥& 1% (8 203 K) I 2 I
(3750 K) (E 13) , F7F 20 mA %L TAE 48 h
J& , EL 58 B A WG 91.2% , HAT REF O

5 BHEfEAE

A CERR T E N AP T AR R R/NIR-CDs (1 it
TR B A4 | A28 O 2 R 5 1 O k9O & B L
FRUA R A W 5 B 2h 2 A5 5 T N B SR E R
T ML TR R M S A LG/ 4 Ak
Gt ke Y SRS R R AR DA K ROSE SO | A T
B g FH A A AEOG 2 U8 E J7 E 0 /E R PL B
FURE R 518 21 5% /308 40 40 % 5 98 5 O 1w B T
KR 0 D B AT A A8 58 O B ROR AR 2 1
T B T8 HL AR R R S T BB A
TR VAR TC U R IR RO Y R 4L
/AT 21 A8 6 e s B R IR T A DL 0 e, B
J6 B S ) PLOAY BL AT SR A7 A 1 2 4 1L, DAk
MLPEGA TR AL BE A ], BE A B A IE & 6 HL R
BB 28 6 5 @ T 8k 5 A B R 25 P
L1 BR AT, A 3% T Bk B A RO AL B B s s
FAm Y 24 BT B ORE IR T OBk A v i e i 5
¥, R T AE Bl SR TR R T & A T R g
g DT S B G 1 7 A 3 e L B T R 4 0
e A5 IR L 52 5O 7 AR A R R IR A A R, 7
EN IS R S S e o N VA = I 1 I N -8
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